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ABSTRACT

The compliance and strength of polymeric composite materials may change over

time in high temperature or long service applications. To avoid failures due to unexpected

strength loss after long periods of time, it is imperative that accelerated tests be developed to

determine long-term strength properties. Constant ramp transverse strength tests on

thermoplastic composite specimens were conducted at four temperatures from 300°F to

450°F and five duration times from 0.5 sec to 24 hrs. Up to 400°F, the time-temperature-

superposition method produces a master curve allowing strength at longer times to be

estimated from strength tests conducted over shorter times but at higher temperatures. The

shift factors derived from compliance tests applied well to the strength data. To explain why

strength behaved similar to compliance, a viscoelastic fracture model was investigated based

on the hypothesis that the work of fracture for crack initiation at some critical flaw remains

constant with time and temperature. The model, which used compliance as input, was found

to fit the strength data only if the critical fracture energy was allowed to vary with stress rate.

Fracture tests using double cantilever beam specimens were conducted from 300°F to 450°F

over time scales similar to the strength study. The toughness data showed a significant

change with loading rate, less variation with temperature, did not form a master curve, and

could not be correlated with the fracture model. Since the fracture model did not fit the

fracture data, an alternative explanation based on the dilatational strain energy density was

proposed. This model produced the same predictions for transverse strength as the fracture

model. The dependence of the critical parameter on loading rate severely limits the use of

these criteria for developing accelerated tests.

This research showed that strength does form a master curve using compliance shift

factors from 300°F to 400°F (but not at 450°F) and showed that both strength and toughness

changed significantly with time. The significance of this research is therefore seen as

providing both the hope that a more versatile acceleration method for strength can be

developed and the proof that such a test is needed.
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CHAPTER I

INTRODUCTION

The next generation of supersonic aircraft will fly at speeds that will cause

significant heating of the aircraft structure due to friction with the atmosphere. Some

estimates put the structural service temperature of such an aircraft at 375°F [1]. This

temperature is far beyond the service temperature of normal composite resins such as

epoxies that often cure at 375°F. Advanced resins are therefore being developed that

possess long-term structural integrity at these elevated service temperatures. As the service

temperature is pushed higher and higher, the selection of materials and the determination of

design strain allowables must be established so that time-dependent behavior is fully taken

into account. One concern is that, during a service life of 20 years at elevated temperature,

the time-dependent response of the resin may allow damage to initiate and grow. This

damage would not be predicted from normal short term laboratory tests. Since real time

tests lasting 20 years are impractical, accelerated tests must be developed to simulate the

damage that might occur over long periods of time.

The eventual goal is to develop models that are able to predict damage that will

initiate and grow in structures that are in service for decades. These models will have to be

able to model full thermo-mechanical fatigue accounting for viscoelastic deformation,

plastic deformation, physical and chemical aging, and environmental effects. One step

toward the final goal would be to accurately predict the long-term static strength of

composite materials using much shorter-term strength tests. The development of such an

accelerated test for strength is the objective of this dissertation project.



Objectiveand Scope

The literature review (presented in Chapter II of this dissertation) suggests that it

may be possible to accelerate the strength testing of advanced composite materials by

elevating the test temperature as is commonly done for compliance properties. It is the

objective of this research program to first demonstrate that the strength properties of the

thermoplastic class of composite material are significantly effected by time. The second

objective is to determine whether temperature can be used as an accelerator for strength.

For temperature to be used as an accelerator, it must change the strength properties in a

controlled manner so that an elevation in temperature produces a similar effect as a known

shift in the time scale. This means that the strength data at different temperatures can be

shifted in time to form a master curve. It has been suggested in the literature that the same

constant used for the modulus data can be used to form strength master curves. If so, the

third objective will be to explain why the time-temperature relationship of strength and

modulus are tied together in this way.

The experimental research program will include two parts. In the first part,

transverse tension strengths of a IMT/K3B composite will be tested over a wide range of

time scales and at several temperatures. At each temperature, the strength will be

determined as a function of loading rate to show the magnitude of the time scale effect.

Once the failure curves are defined at different temperatures, they can be shifted to see if

they will form a master curve. The shift factors can then be compared to see if they are the

same as the shift factors used for modulus data.

The second part of the research program will focus on why the superposition of

compliance and strength might be tied together. A viscoelastic fracture mechanics model

will be presented which defines a critical fracture parameter based on viscoelastic

compliance properties. The results of the fracture model will be compared to the strength
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results.Forthefracturemodeltobeanappropriatemodelfor thesestrengthtests,the

strengthpropertymustbecontrolledby afracturetypephenomenonwherecracksinitiate

andgrowfromincipientflawsto causefailure.If thisis thecase,thestrengthresults

shouldbehavesimilarto establishedfractureproperties.A secondstudywasconducted

withthedoublecantileverbeam(DCB)testfor delaminationtoughness,whichisan

establishedfracturetest.Thesetestswerealsoperformedoverawiderangeof timescales

andatseveraltemperatures.If thesamephenomenoncontrolsbothtypesof tests,they

shouldbeeffectedsimilarlybytimeandtemperature,thusindicatingthatafracturemodel

isanappropriatemodelfor thestrengthtests.If theviscoelasticfracturemodeldescribes

theDCBresultsaswellasthetransversestrengthresults,thenthereasonfor time-

temperaturesuperpositionworkingfor "strength"will belargelyexplaineddueto the

modelsdependenceonmodulus.A modelof thistype,whichmodelsfailurebasedon

compliancedata,wouldnotonlymakeacceleratedtestingpossible,butalsodramatically

reducethenumberof strengthtestsneededtocharacterizeamaterial'sstrength.Since

strengthtestingisveryexpensive,thiscouldresultin asignificantcostsavings.

A secondfailuremodelbasedonthedilatationalstrainenergydensitywill alsobe

introducedasanalternativeexplanationtothefracturemodel.Thepredictionsof thetwo

failuremodelswill becompared.

Followingthisbriefintroduction,thisdissertationcontainsanextensivereviewof

therelevantliteraturein ChapterII. Detailsofthematerialsusedandtheexperimental

proceduresarepresentedin ChapterIll. Theanalysesdevelopedtounderstandthe

experimentalresultsarepresentedin ChapterIV. In ChapterV, theresultsarepresented

alongwithdiscussionof theseresults.Finally,theconclusionsfromthisinvestigationare

presentedinChapterVI.

3



CHAPTER II

BACKGROUND

This chapter provides a background study of issues related to this research project.

The first section describes the material and material modeling needs associated with

building a high speed aircraft from polymeric composite materials. The next section

reviews some computer tools available to help design laminated composite structures

accounting for the effects of time. The phenomenon that can effect composite properties

over time are reviewed next. These phenomenon are stress (fatigue damage), strain

(viscoelasticity), chemical aging, and physical aging. The combined effects of these

phenomenon are also reviewed. The next section reviews failure properties of composites.

In this section only failure transverse to the fiber direction and composite toughness

characteristics were covered. Methods of accelerating the effects of time on composites are

reviewed in the next section. The last section provides a summary of the review.

Material Needs for Advanced High Speed Aircraft

In order to build the next generation of aircraft which is expected to fly at speeds

between Mach 2 and 2.5 many key technical issues must be overcome. Cregger et al.[2]

identified many key issues where advances must be made. In the category of materials,

some of these key issues were long-term thermal aging, long-term creep, and

thermomechanical fatigue. These are problems for the aircraft structural material because

at Mach 2.4, the structure is expected to heat to temperatures of 310°F, and over the life

time of the aircraft, the structure will be at temperature for 60,000 hours. The report

pointed to the weight advantage of using polymeric composites for many parts often in a

honeycomb type structures but noted the degradation expected for these materials at the

high Mach numbers. Within these structures, it was reported that the polymer matrix
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compositeswereprimarilysizedby strengthandthatimproveddamagetolerancecriteria

anddegradationassumptionswereneeded.

A similarstudybyBrunnerandVelicki[1]reportedsimilarproblemsforthe

advancedaircraft.Thepeaktemperaturefor thestructureatMach2.4wasestimatedat

375°F.Severalcriticaltechnologydevelopmentneedswerelistedsuchasimprovementsto

polymericcompositestiffnesswhilemaintaininggoodoperatingstrength,acceleratedaging

techniquesandmodelingtominimizeexpensivetesting,andadvancedmaterials

development.

It isclearthat,in ordertobuildthestructureof suchahighspeedaircraft,materials

mustbeselectedanddesignsmustbemadebasedanunderstandingof howwell the

materialwill performforlongperiodsoftimeunderchangingloadsandenvironments.The

environmentconditionsthatthestructuralmaterialwill haveto endurewill mostcertainly

includesignificantamountsof timeatelevatedtemperature.

DesignPrograms

Polymeric composite materials were mentioned in the previous section as being an

attractive option for the aircraft structure but problems with its degradation in properties

were noted. There are a number of computer programs that attempt to model the properties

and the degradation in properties, of composite materials subjected to various conditions.

These programs use critical experimental data along with mathematical models to make

their predictions.

MRLife[3] predicts the remaining strength of composite laminates subjected to

fatigue loading. The computer code uses the strength and stiffness properties of the fiber

and the matrix to compute laminae properties from various micromechanics models. The

laminae properties are then used to predict laminate properties. Changes in constituent

properties based on time (viscoelastic effects), physical aging and damage are predicted.
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Matrixcracking,delaminationgrowth,fiberbucklingandfibercrushingareamongthe

differentdamagemechanismsmodeled.

ISAAC[4](IntegratedStrengthAnalysisforAgedComposites)isanother

computercodethatattemptstomodelthetensionandcompressionstrengthoflaminates.

Thiscodeincorporatesmodelsthataccountfor suchphenomenonastheoxidationof the

matrixandphysicalagingeffectsonbothnotchedandun-notchedstrength.A Tsai-Hill

laminaefailurecriteriaisusedtopredictfailurein eachply leadingtofinalfailureof the0°

plies. Theeffectof matrixcrackinganddelaminationarealsoincluded.

DAMLAM [5]usesameso-scaledcompositedamagemodel(MCDM)topredict

laminatestiffnessandstrength[6].Withinthismodeldamageis assumedtobeuniform

throughoutthethicknessof anindividuallaminae.Damagegrowthundertensionand

compressionstressesbothstaticandcyclicarepredicted.Inelastic strain and various

damage mechanism are accounted for by the model.

These are only a few of the laminate property prediction codes available, with each

having its own unique capabilities. To design the aircraft structure of a high speed aircraft,

the capability of predicting strength and stiffness after extremely long periods of time at

elevated temperature will be needed. The predictions of the computer code can only be as

good as the models that the programs rely on and the experimental data used as input to the

models.

Time-Dependent Phenomenon

A number of different types of reactions can cause the material properties of a

polymeric composite structure to change over time. The first category to be discussed is

stress or fatigue. As load is repeatedly applied to a structure, damage will initiate and grow

within the structure changing the strength and stiffness of a composite. The second

category is strain or viscoelasticity. The compliance of the matrix in a composite can
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changewith timebecausesomedeformationprocessesrequiretimetooccur.Thechange

incomplianceofthematrixwill obviouslyeffectthestiffnessof theoverallstructurebutin

addition,achangeinstrengthcanalsooccurdueto stressesbeingredistributed.A third

typeof changethatcanoccurwith timeis chemicalaging.Herethematrixof the

compositechemicallyreactswith itsenvironmentorsimplycontinuesto cureovertime

effectingitsphysicalproperties.Thefourthcategorytobediscussedwill bephysical

agingwherethepropertiesof thematrixmaterialchangeduetotheatomicchainsin the

matrixreorientingwithtimein amannerthatdoesnotrequireachemicalreaction.

Eachoftheseeffectsof timechangewithtemperature.Anincreasein temperature

acceleratesthevariousprocesses,effectivelymakingtimepassmorequickly. It is the

elevatedtemperaturesthatahighspeedaircraftwill haveto endurethatmakesthetime

dependenteffectsoncompositematerialsaproblemfor thisapplication.Becauseof the

waytemperatureeffectsthesephenomenon,theycanallbethoughtof asafunctionof both

timeandtemperature.Finallycombinedeffectsofthesetimedependentphenomenonwill

bediscussed.

Stress (Fatigue Damage)

Stress repeatedly applied to a composite structure will cause damage to the

structure that initiates and grows. Fatigue is normally not thought of as a time-dependent

property because it is quite a weak function of time. It is listed here because the repeated

application of loads over time in the service of the material create fatigue. Also when the

fatigue response interacts with the other time-dependent phenomenon that will be listed, it

can become a time-dependent property.

The field of fatigue damage and the modeling of fatigue damage is quite large. A

good overviews of the field can be found in the books Damage Mechanics of Composite

Materials[7] and Fatigue of Composite Materials[8]. The damage progression in a
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laminateis oftenstartedwiththeinitiationof matrixcracking,followedby&lamination,

andfinally fiberfailure. Thefieldisextremelycomplexwiththedamagedependingon

stresslevels,fatiguerates,numberof fatiguecycles,stressvariationdueto geometry,

materialproperties,laminaeorientations,andstackingsequence,just tonamesomeof the

moreimportantinfluences.Of coursethestiffnessandthestrengthoftentermedthe

"residualstrength,"woulddependonthedamagestatein thecomposite.Eventheeffects

of thedamageonstrengthcanbeaverycomplexfunctionwithstrengthattimesincreasing

asdamagedevelops.

Strain (Viscoelastic Deformation)

A second cause of changes in the deformation and strength of a composite laminate

over time is due to viscoelasticity. Viscoelasticity is the time-dependent deformation of

materials caused when mechanisms of deformation do not occur instantly but instead

require some amount of time to develop. The viscoelastic nature of composite material has

also been widely studied. Overviews of this subject have been written by Schapery[9] and

by Dillard[10] and a review of literature conducted by Scott et al[ 11]. Viscoelastic

deformation is often divided into two categories: linear and nonlinear, with linear being

much easier to model because the effects of increments in load are additive. Viscoelasticity

not only effects the deformation of a composite, but also effects the strength. As the

compliance of the composite material changes, the stresses within the composite will

redistribute. The change in internal stress will cause the overall strength of the composite

to change. The linear visco elastic deformation is normally characterized by measuring the

creep compliance of the material, that is, the time-dependent deformation of the material due

to a constant stress. To relate this material property to other stress histories, a hereditary

integral of the form



c(t)= ft D(t - V) _)dv (1)

isusedwhereD is time-dependentcreepcomplianceand_ isadummytimeintegralover

whichtointegrate.To solvetwoor threedimensionalviscoelasticityproblemsbecomes

quitedifficultbecauseof theadditionof thetimevariabletothenormalelasticity

equations[12].In generalit iseitherapproachedthroughafiniteelementformulationsor

throughtransformationssuchasaLaplacetransformationthattakesthetimevariableoutof

theelasticityequations.Timeis introducedbackinto thesolutionthroughareverse

transform.Undercertainconditions,acorrespondencecanbeestablishedbetweenthean

elasticproblemandtheviscoelasticproblemof interest.In thiscaseoncetheelasticity

solutionissolved,theviscoelasticsolutionis obtainedby addingafunctionof time.

Themodelingof acompositebecomesmorecomplexbecauseit isanorthotropic

material.Oftentheelasticfiberandviscoelasticmatrixpropertiesarecombinedina

micromechanicsmodelwherearepresentativevolumeof materialismodeledtodetermine

theviscoelasticdeformationof acompositelaminae.Theviscoelasticlaminaeproperties

arethenusedtopredictlaminateproperties.

Viscoelasticdeformationcanalsobenonlinear,wherethecompliancebecomesnot

onlyafunctionof timebutalsoof stresslevel. A nonlinearresponsecanbecaused

directlyduetothematerialresponse[13]or indirectlyduetodamageformation[14].This

typeof responseismorelikely athigherstresslevelsandnearfailureit canbe

expected[15]. At times,nonlinearviscoelasticbehaviorcanbeaccountedforby shiftingthe

complianceresponsein timeaccordingto afunctionof stress.

Chemical Aging

Properties of polymer composites can change due to chemical aging. This can take

on several forms. The matrix material of some composites simply continue to cure for
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longperiodsof time[16].Thesechangesareusuallyindicatedby achangein theglass

transitiontemperatureofthematerial.Otherchemicalchangescanoccurduetothematrix

reactingwith theatmosphere.Thereactionisoftenduetoareactionwith theoxygenand

resistancetothisphenomenonis oftenreferredtoasthermo-oxidativestability[17].This

phenomenonisusuallymeasuredbyweightlossto thespecimenbutcanalsocausethe

materialthatis leftbehindtobebrittle. Chemicalreactionscanalsooccurwithother

substancesinastructure'senvironment,whichfor anaircraftmeansmoisture[18]andsuch

chemicalsasjet fuel[19].Therateof changeinphysicalpropertiesdueto these

environmentalinteractionsnotonlydependsontherateof thechemicalreactionbutalsoon

thediffusionrateoftheagentintothematerial.

Physical Aging

Over time the properties of a polymer matrix composite can change due to physical

aging[20]. Physical aging does not require the breaking or the forming of chemical bonds

as was the case in chemical aging. With physical aging, the atoms in a material only

rearrange themselves as they try to achieve a state of equilibrium. Usually this means that

the atoms become more closely packed together. This process takes time since there is

resistance to atomic movement. The effect of physical aging on the properties of advanced

composite systems has more recently been studied by Feldman[21], by Gates and

Feldman[22], and by Hastie and Morris[23]. Usually the physical aging process is

characterized by a change in the viscoelastic properties of the composite over time which is

reversed when the material is heated above the glass transition temperature. This process

might also be expected to change other physical properties such as strength or toughness.
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Combinations

Each of the time-dependent processes listed above can change the properties of a

composite over time. The effects of the processes become more complicated when they

simultaneously act and interact, to change the properties of composite materials. One

additional complication that can also be added to the above list of time effects is a change in

temperature. Each of the time-dependent processes listed above is also effected by

temperature, usually with an elevation in temperature increasing the rate of change with

time. Because the effects of these time-dependent phenomenon do interact with each other,

studies of the interactions must also be conducted.

A logical combination study that might be conducted is the effect of fatigue while

the temperature is also changing. This combination is usually termed thermomechanical

fatigue (TMF). Castelli[24] studied TMF of a metal matrix composite and found that a

significant difference in properties was found depending on whether stress and temperature

where increased and decrease together or whether they were varied out of phase with each

other. Experiments conducted by Roberts [25] showed little interaction between thermal

and mechanical fatigue. Pasricha et a1.[26] measured the response of a thermoplastic

composite to TMF and found that the laminate became stiffer with time, probably due to

physical aging. To model the deformation measured in this test, a nonlinear

viscoelastic/viscoplastic model was used. Haskins and Kerr[27] combined oxidation and

fatigue and found significant decrease in properties due to the combination. The lack of

more studies on TMF may be an indication of the difficulty associated with running these

tests.

Failure Parameters

The time-dependent phenomena described in the last section can effect the critical

parameters of composites. In addition, some of the critical properties may be effected
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directlyby time. Thecriticalparametersof acompositeincludestrengthof thefiberand

thematrix;criticalstrainof thefiberandthematrix;matrixtoughness;laminaestrengthor

criticalstrainin thefiberdirectionandtransverseto thefiberdirection,bothtensionand

compression;andcompositetoughness.Criticalparameterscanalsoberelatedto specific

damagemechanismsof alaminatesuchas,onsetofmatrixcracking,saturationof matrix

cracking,initiationof delamination,laminatebuckling,etc.Becausethelistof critical

parametersissoextensive,thereviewherewill concentrateononlythelaminaestrength

transverseto thefibersandcompositefracturetoughness.It is expectedthatbothof these

propertieswill beeffectedbythetime-dependentpropertiesofthematrix.Thesebasic

propertiesarealsoimportantinpredictinglaminatepropertiessuchastheonsetof matrix

crackingordelamination[15].

Transverse Composite Failure

The transverse failure of composite material can be tested in several ways.

Transverse strength usually refers to a unidirectional specimen tested to failure with a

constant load or strain rate. Strength can either be tested with a uniaxial tension test or with

a bending specimen. Creep rupture tests are conducted on similar specimen but in this test,

a constant load is quickly applied and then held constant until failure occurs. The time to

failure is the critical value in these tests. Initiation of matrix cracking is also a measure of

transverse failure. Here laminates with 90 ° plies are tested and the critical laminae

properties must be calculated from the measured laminate response.

According to Whitney and Browning[28], the transverse tension strength test is the

most useful test for characterizing matrix dominated failure modes. They also indicated

that strain to failure was a critical parameter.

Asp, et al. [29] studied the transverse strength of a glass/epoxy composite material.

A finite element micromechanics model was used to relate a matrix failure criterion to the

12



compositestrengthproperty.Thematrixfailurecriterionwasbasedonthedilatationstrain

energydensityforcavitationbaseonpreviousstudybythesameauthors[30].Strength

predictionsfromthemodelweremadefor compositeswithvariousvolumefractionsand

includedthermalstresses.Themodelpredictionswerealsocomparedto experimentaldata.

Yetathirdstudybytheauthors[31]showedtheimportanceofthefiberandinterphase

propertiesonthestressesin thematrixthatinitiatefailure.

Meurs[32]showedthatthevariationof fiberspacingandfreeedgeeffects

significantlyeffectedthatstressfieldin acomposite.Thesestressesleadtofiber-matrix

debonding.Thedebondingwasrelatedtobothdebondstrengthandfracturetoughness

ratherthanmatrixstrength.Theimportanceof interphasepropertieswasalsomentionedin

thisstudy.

Ishaietal.[33]studiedthetime-dependentfailureofbothatoughandbrittleglass

epoxycomposites.Theytestedthreepointbendingspecimenswithfiberorientationsfrom

0to 90degrees.Theyfoundthattheexceptfor whenthefiberwerewell alignedwith the

loadingdirection(<10°)thestrengthof thecompositecouldbescaledto thetransverse

(90°) testresults.Thebrittlecompositewasfoundto fail by fiber-matrixinterface

separationwhiletheductilecompositewasfoundto fail bytensileruptureof thematrix.

Theyalsofoundthatthestrengthvariedlinearlywiththelogof thestrainrateoverthethree

decadesof strainratetested.Theresultsweremodeledwithapolymericrateprocess

modelsuggestedbyBueche[34,35].

Govaerteta1.[36]modeledthetime-dependentfailureinglass/epoxytransverseto

thefiber. Theypostulatedafailurecriterionwhichrelatesthecriticaloctahedralshear

stressto afunctionof strainrateandmeanstress.ThiscriterionwasproposedbyWard

[37]. A finiteelementmicromechanicsmodelwasusedtorelatethematrixfailuretothe

compositeproperties.Compositethreepointbendingtestswereperformedoverthree

decadesof strainrate.Creeptestswerealsoperformedandcomparedto themodel.
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Composite Toughness

The toughness of a material is its resistance to crack growth. In composites, cracks

can grow between laminate layers. These cracks are called delaminations. Cracks can also

grow within a ply along the fiber direction creating matrix cracks. Cracks do grow

transverse to the fiber direction as well but this growth is hindered by the interaction with

the fibers.

Berglund et a1.[38], showed that the toughness of the matrix material effects the

growth of delamination and the onset of matrix cracking. He also found that the toughness

associated with crack through the thickness of a laminae was different from the toughness

associated with growth of the matrix crack along the fiber direction. They postulated that

laminae properties are better studied directly from laminates instead of from unidirectional

composites because of a difference in constraint properties.

Frassine and Pavan[39] studied the fracture toughness of neat resin and composite

material. In their work on a polyetherimide composite, they found that toughness is

relatively insensitive to rate and temperature. They further found that composite toughness

was significantly lower than the neat resin toughness and also differed in how it varied with

time and temperature.

You and Yum[40] studied the effect of loading rate on delamination toughness in a

graphite epoxy composite. They found that delamination toughness increased with

delamination propagation speed at higher rates of speed but remained fairly constant at low

rates.

Knauss[41] reviewed the time-dependent fracture mechanisms in polymeric

material along with the models to describe them. In this review he summarized some of his

own work[42] where it was postulated that fracture energy and crack opening displacement

14



mayremainconstant.Theseassumptionswerecomparedto experimentalresultsof an

polyurethaneelastomerwithgoodagreement.

Kim andStone[43]studiedhowdifferentpathindependentintegralsusedto

characterizethestateof acracktip inviscoelastic/viscoplasticmediummightbeusedto

describetheeffectsof time,temperature,andloadoncrackgrowth.Theyidentified

restrictionsonthevariousintegralsin situationsinvolvingunloading,temperaturechanges,

orcompositematerials.

Schapery[44]usedacorrespondenceprincipleto relateapathindependentintegral

of aelasticproblemtoafractureparameterfor acorrespondingviscoelasticproblem.The

parameterdesignatedWfhasaphysicalinterpretationof themechanicalworkavailableto

extendacracktip suppliedbythesurroundingviscoelasticmedium.Thisparameteris

onlyvalid forcrackinitiationbecausetheboundaryof theproblemmustremainconstant.

Theanalysisholdsfor acompositematerialwheretheboundarieswithinthecompositeare

paralleltothedirectionof crackgrowth.Theauthor[45]alsoinvestigatedpath

independentintegralsforviscoelasticmaterialwherecrackgrowthwasallowed.The

calculationthetheseparameterswerenotsimplifiedby theexistenceof acorresponding

elasticproblem.

YoonandAllen[46]investigatedacohesivezonemodelto describecrackgrowthin

acompositematerial.Thismodelallowsunloadingandcrackgrowthbutis limitedbythe

abilitytomeasurethenecessaryconstitutivepropertiesof thematerialin thecohesivezone.

Accelerated Testing

The expected life of composite materials in many applications is quite long and

properties of the material are expected to change over that time due to the factors discussed

previously. In the application of interest here, a high speed commercial aircraft, the material

is expected to last for 20 years with 60,000 hours of that time at elevated temperature. It is
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impracticaltoruntestswhichlastfor thisperiodof time. Evenif testscouldbeperformed

for suchlongperiods,theknowledgeofhowthematerialwill behaveisneedednowto

designtheaircraft.Assumingadvancesinmaterialscience,thematerialsof interestfor use

onplanesdesigned20yearsfromnowwill becompletelydifferentfromthematerialsthat

onemightstarttestingtoday.Forthesereasonacceleratedtestsforthetime-dependent

effectsmustbedeveloped.

Accelerationof fatigueisnormallyaccomplishedby increasingthefrequencyof

loading.Thisgenerallyworkswellaslongasothertime-dependentphenomenonsuchas

viscoelasticity,oroxidationdonotinteractwith thefatigueresponse.Haskinsand

Kerr[27]usedthis techniqueto reducetesttimesby afactorof 120.

Accelerationof theotherphenomenonismoredifficultbecausetheireffectsare

muchmoredirectlyafunctionof thetime. Acceleratedtestingof viscoelasticdeformation

iswellestablished,andusuallyaccomplishedusingtime-temperaturesuperposition[47].

Hereelevatingthetemperatureisusedto effectivelyacceleratetime. Thedifficultywithany

acceleratingschemeis to establishtherelationshipbetweentheacceleratedtestthenon-

accelerated.Withtime-temperaturesuperposition,compliancemeasurementsaremade

overashorttimeperiodatseveraldifferenttemperatures.Thesecompliancemeasurements

areplottedagainstthelogof time. It hasbeenfoundthatthecompliancemeasurements

canbeshiftedonthelogtimescaletoformasmoothcurvecalledamastercurveasshown

inFigure1. Thiscurvepredictsthecomplianceof thematerialovera largertimerange

thanwasactuallytested.Theamountofaccelerationprovidedbyagivenelevationin

temperatureisestablishedbytheoverlappingofthecompliancecurvesmeasuredatthe

differenttemperatures.

To formthemastercurve,onecurveremainsstationaryandall theothercurvesare

shiftto it. It is thetemperatureassociatedwith thefirst curvefor whichthemastercurve

predictstime-dependentdeformation.By recordingthetimeshiftsrequiredtoformthe
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Figure 1. Time-temperature superposition and the formation of a master curve.

master curve which are usually referred to as shift factors (As), a relation between the

horizontal shift and temperature is established. This relationship can be used to shift the

entire master curve to other temperatures. Using the master curve shifted to the appropriate

temperature, creep compliance over many orders of magnitude can be predicted. Time-

temperature superposition was developed for polymers but it has been successfully

extended to the deformation properties of polymeric matrix composites[12, 48].

Models for how the shift factor A s should change with temperature have also been

developed. Williams et al. [49], developed the following relation for A s which is found to

work well above Tg.

CI(T - To)
logA T = (2)

C 2 +T-T o
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where C 1 and C2 are material constants and To is the reference temperature for the master

curve. Below Tg, the value ofA Tis often found to relate to 1/T Rwere the subscript R

indicates that the temperature must be expressed as absolute temperature, °R.

1 1log A T = I] TR To
(3)

where r I is the shift constant. This relation is predicted for Arrenhius type rate processes

which is described by the equation

-AH

where r is the rate of the process, AH is the activation energy, R is the ideal gas constant,

and A is a material constant. The temperature in the preceding equation must be expressed

as an absolute temperature such as °R. Shift factor variation over relatively small

temperature ranges have been adequately described with a linear function.

logA T = o_(T - To) (5)

where c_ is the shift rate.

Lohr[50] created master curves from the yield data of several neat resin systems but

found that the shift factors were quite different from those obtained from stress relaxation

tests.

Moehlenpah et al. [51 ], used time -temperature superposition to create master curves

of strength for a glass/epoxy composite. The shift factors used to create the master curves

were obtained from modulus data. They found that the shift factors for the composite

strength was not effected by type or orientation of the glass filler nor was it effected by the

mode of loading even though the actual strength values were different.
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Miyanoeta1.[52,53],alsousedthetime-temperaturesuperpositionto describe

changesinstrengthwith timeandtemperature.Thesuperpositionmethodwasshownto

applytothestrengthpropertiesof aunidirectionalthermosettingepoxybasedcompositein

tension,compressionandbending,andinboththelongitudinalandtransversedirections.

In somecases,theshiftfactorsfor strengthwereshowntobesimilarto theshiftfactors

measuredfromcomplianceresults.Carefulexaminationof thetestresultsrevealedthatthe

shiftfactorsobtainedbelowTg were rather arbitrary. The data could have been shifted with

much different shift factors such that a smooth master curve was still attained. The

different shift factors could be used to make time to failure predictions that differed by

several orders of magnitude. Part of the problem was that the tests at a given temperature

were only tested over three decades of time which did not allow much overlap of the

constant temperature curves during the formation of the master curve. The region below

Tg, which produced the most ambiguous shift factors, is the only region of interest for most

structural materials because above the Tg, materials are usually too compliant. The results

in this study were for a thermosetting composite while many of the composites of interest

for advanced aircraft are thermoplastic which often behave in fundamentally different ways.

Although the use of the compliance shift factors for strength would be extremely helpful

for making accelerated strength prediction, it is not clear from this study that it will be

accurate, especially for the thermoplastic composites of interest. Miyano et a1.[54],

extended the approach to fatigue strength of a woven composite with reasonable results.

Pride et al. [55] have also attempted an accelerated strength study of creep rupture

of a polyimide resin. They used a Larson-Miller parameter[56] to relate rupture time tested

at different temperatures. The Larson-Miller parameter is given by the expression

YR (C + logt) (6)
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whereTRistemperaturein °R,t is thetimetorupture,andCisamaterialconstant.This

expressionisbasedonassumingthatruptureis anArrenhius-typeprocessanddescribed

by Equation4.

Brinsoneta1.[57],createdanacceleratedtestmethodologyfor creepruptureof

composites.Thismethodologyassumedthattheshiftfactorsforrupturewouldbethe

sameasfor complianceandfurtherassumedthatthestrainto failureduringtherupturetest

wouldstayconstant.Theycomparedthemodeltotheresultof agraphiteepoxycomposite

withgoodresults.TheyalsolookedataLarson-Millerparameterandreportedapoor

correlationwithexperimentalresults.

FrassineandPavan[39]usedatime-temperature-superpositionmethodtomake

acceleratedpredictionsof toughness.Theyusedshiftfactorsobtainedfromneatresin

strengthdatato shiftbothneatresinandcompositetoughnessdataintoamastercurve.

Accelerationof chemicalagingisnotaswellestablishedbutofteninvolvesan

elevationin temperatureandanincreasein theconcentrationoftheagentwhichis

chemicallyreactingwith thematrix[19].

Struik[20]wasabletopredictthelong-termeffectsof physicalagingusinga

methodsimilartothetime-temperature-superpositionmethoddescribedearlier.Hewas

ableto shiftthecompliancecurvesatagivenagingtimeto formamastercurve.Hefound

thattheratewithwhichthecompliancecurveshiftedremainedconstantwithagingtimeata

giventemperature.By assumingtheratewouldremainunchangedoverlongperiods,

extendedpredictionscouldbemade.Onecomplicatingfactorwasthatamaterialwould

continuetoageasacompliancespecimenwastested.Tomodelthis,realtimeduring

whichagingoccurredwasrelatedtoaneffectivetimewhereagingremainedconstant.This

methodof acceleratedtestingof long-termphysicalagingwasextendedtocomposite

systemsofinterestto thecurrentapplicationby GatesandFeldman[22].
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Brinson[15]outlinedaacceleratedtestmethodin whichthesuper-position

techniquefirst usedwithtemperatureandthenusedwithphysicalagingmightbeextended

toincorporatethecombinedeffectsoftemperature,aging,moisture,andstress.Oncethe

modeliscreatedfora laminae,laminationtheorycanbeusedto extendit tolaminate

response.Theexperimentsneededto supportsuchacombinedmodelhavenotbeen

performed.

BackgroundSummary

It isclearthatin orderto design an advance high speed aircraft using composite

materials, accelerated test methods will be needed to support models which can predict the

combined effects of fatigue, viscoelastic deformation, changes in temperature, chemical

aging, and physical aging on the failure properties of these laminates. These models will

be based on critical properties such as the transverse strength and toughness of the

laminae. No consensus on the controlling mechanism for these properties seem to exist.

The effect of time on these properties are therefore more difficult to predict. Most

acceleration methodologies involve the use of elevating the temperature to speed the effects

of time. Correlating an elevation in temperature to a comparable acceleration in time effects

is of critical importance. The elevation in temperature may be combined with other

methods such as an increase in load frequency or an increase in chemical concentration to

speed specific degradation mechanisms. Much work has been conducted toward these

types of acceleration methods, but very little of it was on the types of thermoplastic

composite systems being considered for the high temperature applications of current

interest.

A study of accelerated strength testing of a thermoset composite has been

developed that applies the shift factors from compliance tests to strength results. These

results however were not definitive and may not apply to the thermoplastic composites of
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interest.If theshiftfactorsfor strengtharethesameasforcompliance,thismaylend

insightintothemechanismbehindthefailureandthereforeintotheeffectof timeon

failure.With thistypeof understandingacceleratedstrengthpredictionscouldbemade

withgreatercertainty.
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CHAPTER III

EXPERIMENTAL PROCEDURES

This chapter describes the materials and experimental techniques used in the

dissertation research. The material used for this study is a thermoplastic composite with

designation IM7/K3B. The tests performed on the material include 90 ° tension strength

tests and double cantilever beam (DCB) delamination fracture tests. Both sets of tests were

run over a range of elevated temperatures and loading rates.

Material

The material used in this dissertation project is IM7/K3B. It is a graphite

composite made from IM7 graphite fibers and K3B, a thermoplastic resin. The IM7/K3B

material was chosen because this is a material being considered for high speed aircraft[19],

where delayed failures are a possibility because of the extended service time of the

composite material at elevated temperatures.

The IM7 fiber is a fairly common high strength graphite fiber manufactured by

Hercules, Inc. made of 5 micron fiber filaments with a modulus of 40 Msi and tow strength

of 785 ksi[58].

The K3B matrix is an amorphous thermoplastic polyimide resin. Polyimide

polymers can be formulated as a thermoset through an addition reaction or as a

thermoplastic through condensation. The highly proprietary K3B resin is a slight

processing variation on a more widely reported resin designated as Km. K m is made

through a condensation reaction and is a combination of a pyromellitic dianhydride, and a

diamine where the bulky diamine acts to prevent crystallization[59]. The reported modulus

and strength ofK m are 546 ksi and 14.8 ksi, respectively, and K3B is expected to be

similar[59]. The Tg of K3 B has been published to be 457°F [21 ].
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TheK3B resinmaterialhasbeenshowntophysicallyage[21].Figure2 shows

howthecomplianceof K3Bchangeswithvariousamountsof aging.Fromthisgraph,it is

clearthatthephysicalagingphenomenoncansignificantlyeffectthepropertiesof this

resinandthereforethepropertiesof compositesmadefromtheresin.

IM7/K3Bisacandidatefor suchapplicationsasthestructuralmaterialforhigh

speedaircraftbecausethehighTgof theresinshouldallowthecompositeto maintainits

strengthandstiffnessattheelevatedtemperaturesexpectedfortheseapplications.

Publishedvaluesof stiffnessfor thismaterialare24.2Msiparallelto thefibersand1.21

Msi transverseto fibers.Thestrengthof thecompositehaspublishedvaluesof 234.8ksi

Compliance

1/Msi

48 hr.

Aging time _ 4 hr. 24 hr. 96 hr.

K3B Resin 2hr.

@ 4200F //

tref=2hr" / /

2 , J i t Lift" J i [ t tJ1tJ J i [ t [J it" J i i t tJ11J J i [ t tJ ttJ

1 0° 1 01 1 0 2 1 03 10 4 1 05

Time (sec.)

Figure 2. Aging of K3 B resin as shown by momentary master curves[21].

24



•soleu!tue I ol!sodtuoo _5I oql uo lnoXe I uotmoods lso& "_ oxn_!3

soleu!tue[ Xld 17E(q soleu!tue[ Xld 8 (e

t I, ,i, ,,, ,,,,, ,, ,I t

/ I I III II I II I I I I I II '.
/ it tit ii t ii t t t t t tl,,_z, _

1
I I ii[iiiiiiiiii_!_iiiii[iiiiiiiiiiiEiiiiiiiiiiiiiiiiiii_iiiiiiiiiii[iiiiiiiiiii]iiiiiiiiiiii[iiiiiiiiiiii[iiiiiiiii]iiiiiiiiiiiii]iiiii_

-_ i_i::i::_i::i_::i_ilf_i_::i::it_i::i::_::i::i_::i::_i::i::_i::i_::i::_|::i,,917

,,9

,,9

iiiiiii[iiiiiiiiii_iiiiiiiiiiii_iiiiiiiiiiii_iiiiiiiiiii_iiiiiiiiiiiii_iiiiiiiiiii[iiiiiiiiiii_iiiiiiiiiiii_iiiiiiiiiiiii_iiiiiiiiii_iiiiiiiiiiiii_iii

....I1I1111111 .......

I I I II I III I I
I I I II I III I I
I I I II I III I I

-I--I--I-- It-I- "IF T -I -I --
I I I II I II I I I
I I I II I II I I I

.....11
I I
I I
I I

-l-r'
I I
I I

,,g II I I II I II I I I I I_1
I I I I I II I II I I I I I_l

I I I I II I II I I I I I I

,:0'; ,,0"L
lno eleu!tue7 ...... ,,0 L

l_

/{IdqE 1.pue
ql_ 1.uoo_aloq

tUl!luolde)t

-I
,,fit,

4
,,gZg

uJ!J1 ,,_I 1.

iot;] 'I
I
I

I

I
I

I
I"

I uouJ!°od_ ISOl
I

,<_ i.

,,ffL

,,ffl.

?
.O'L

•u! 9 x "m g'[ _uunseotu uotmoods lsol 0_ mm mo SeA¢ loued qoeo 'OlOgO oJno popuotutuoooJ

s,JoJnloejnuetu oql _u!sn poJno 0JOA¢ sloued osoql JolJV "uooooJ!p "u! 17E oql m _umunJ

sJoqg oql ql!_a poluo!Jo sXld 8 [[ e ql.[A_ poJedoJd 0JOA¢ "U! 17E x "U! El _u!Jnseotu Sloued

.mo_[ "[et.tolem _o._do._d [1 _N/LIA[I oql mo_ po:_edo:_d 0:_0A_ soleuIme[ Jo sodXl OA¢Z

"0_ueq0 OleOS 0tU 9 pue o:mle:_odtuol se o_ueqo ol poloodxo

oq plnoqs pue mglsuoo lou o_e os_noo _o sog_odmd osoqz "[9]SOleOS om 9 1._oqs glOAge[o_

_oAo pottuo_od o_e q0!qA¢ spoqlom lsol p_epuels _u!sn suog!puoo o_mmodmol morn _o_

o_e so!l._odmd osOtLL "uogoo_!p os_o,suea otp u! !s_196"9 pue uogoo_!p ieu!pm!_uo[ oql m



as shown in Figure 3a. A second set of laminates were manufactured using as 24 ply

laminates. These panels had 0.002 in. Kapton strips inserted between the 12th and 13th

plies. These sheets of Kapton were sprayed with a mold release agent so that the Kapton

did not bond to the composite during the curing process thus creating artificial

delaminations within the laminate. The position of the Kapton strips can be seen in Figure

3b. After curing with the manufactures recommended curing cycle, each panel was cut into

1 in. x 6 in. test specimens as seen in the figure.

Transverse Strength Tests

Transverse strength tests were performed at temperatures between 300°F and 450°F

over a range of time scales so that time to failure ranged from 0.5 sec. to 24 hrs. During

the tests; load, displacement, and strain readings were recorded.

The test specimens for the transverse tension tests are shown in Figure 4. The test

specimens are cut from the 8 ply panels and are around 0.044 in. in thickness. The test

specimen are cut from the laminates so that the fibers run transverse to the loading

direction. Three strain gauges are attached to each specimen as shown in Figure 4 and are

arranged so that the bending front to back, bending side to side and average strain could be

determined. The strain gauges which are manufactured by Micro Measurements Co. and

have a 1/4 in. gauge section are designated WK-00-250BG-350. Although they are only

designed for temperatures up to 350°F, they were found to be adequate for the tests that

were conducted in this project up to 450°F. A rather complicated bonding procedure was

used to apply the gauges. The specimen were first lightly sanded in the area where the

gauges where to be applied. A thin layer of M-Bond 600 adhesive was then applied and

the specimen was heated to 250°F for one hour to cure the base adhesive layer. A second

layer of adhesive was applied as the strain gauge was bonded. The gauge was clamped to

the specimen to hold it in place, and the specimen was heated again to 250°F for one hour.
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Figure 4. Transverse tension test specimen.

After the strain gauges were applied to the specimen, the loading tabs were applied.

The loading tabs were used to reduced stress concentrations due to clamping during the

tension tests. The loading tabs were applied to each end, front and back, and measured 1

in. in length. The width of the tabs matched that of the specimen at 1.5 in. The tabs were

made from 220 grade open weave silicon carbide sand paper manufactured by 3M. The

open weave sand paper was infused with an epoxy resin. The resin was made by the Hysol

Division of the Dexter Corp. and had a designation of 934NA. The 934NA resin is a two

part epoxy that was chosen for its ability to withstand high temperatures. The two parts of

the epoxy were mixed in the ratio recommended by the manufacturer and had a consistency
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similartothickmolasses.A thicklayeroftheresinwasappliedtosectionsof the

specimenthatweretoreceivethetabmaterial.Thetabwasthenplacedontotheadhesive

layerandasecondlayerof resinwasappliedsothattheopenweavemeshwascompletely

infused.Plasticsheetsthathadbeensprayedwithmoldreleaseagentwereplacedoneither

sideof thespecimen.Eachendofthespecimenwasthenplacedin aclampwith flatfaces

whichwereconstrainedtoremainparallel.Theclampheldthemeshmaterialinplaceand

insuredthatthesurfacecreatedbythedriedepoxywouldbeflat andparallel.Thegrit

meshmaterialcausedthetabsto beaconstantthicknessandcreatedaroughgritsurface

thatcouldbeeasilygripped.Theepoxywasallowedtocureovernight.

Moisturewasthendrivenoutof thetestspecimenwithastandarddryingcycle.

Afterdrying,thespecimenwereplacedin a400°Fovenfor 4000min. (66hrs.).This

agingcyclewasconductedin anattempttokeepagingfromskewingthetestresults.

Althoughchangesinphysicalpropertiescausedby agingof thismaterialseems

unavoidable,it wasnotthefocusof thisinvestigation.TheagingresultsshowninFigure2

indicatethattheeffectof thefirstincrementof agingis moresignificantthansubsequent

incrementsof equallength.Thetestspecimenwereuniformlyagedforaperiodthatwas

significantlylongerthananyof theanticipatedtests.Thisshouldhavecreatedauniform

stateof agingthatwouldnotsignificantlybeeffectedby theadditionalagingthatwould

occurduringthetests,whichareconductedoverdifferenttimeperiods.Thus,althoughall

thetestspecimenwill beeffectedby aging,theywill allbesimilarlyeffected.Aftereach

specimenwasprepared,it wasstoredat225°Ffor lessthanaweekbeforebeingtested.
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Figure5. Thetestapparatususedduringtransversetensiontests.

Thetransversestrengthtestswereperformedin ahydraulicloadmachine.Thetest

setupcanbeseenin Figure5. The22kip testmachineismadeby InstronCorp.andis

model8500.Thecontrollerof thehydraulicloadframemonitorsbothloadmeasuredby

the22kip loadcellandpositionmeasuredby anLVDT (linearlyvariabledisplacement

transducer)locatedwithinthetestmachine.Thecontrolleris capableofcontrollingeither

theloador thedisplacementof thetestmachine.Thetestmachineisequippedwithan

environmentalchamberwhichsurroundsthetestsection.Themodel651chamberis
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manufacturedby MTSCorp.andhasitsowntemperaturecontroller.It is capableof

creatingtestenvironmentsfrom-200°Fto600°F.Thetestmachineconnectstothetest

specimenthroughhydraulicallyactuatedwedgegrips.Thesegripsdesignatedasmodel

647aremanufacturedbyMTSCorp.andarespeciallydesignedfor elevatedtemperature

testing.Theyaredesignedsothatthewatercooledhydraulicactuatorsremainoutsidethe

environmentalchambersincehydraulicoil isnotcapableof withstandingthehigh

temperatures.Thehydraulicactuatorsconnectthroughmechanicallinkagestothewedges

insidetheoventhatmovetoclamptheendsof thetestspecimen.A gripcontroller

mountedontheloadframeopens,closes,andcontrolsthepressureof thegrips.

Bothtemperatureandstrainweremeasuredduringtests.Thetemperatures,both

insideandoutsidethechamber,weremonitoredusinga"Digi-sense"scanning

thermometermanufacturedbytheColePalmerCo.capableofreading12typeT

thermocouplesevery4 sec.EachstraingaugewasmonitoredusingaBam1bridge

amplifierandmetermanufacturedbyMeasurementsGroup.Eachgaugewasconnectedin

aquarterbridgeconfiguration.
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All instrumentswereconnectedtothetestcomputer.TheoriginalMacintoshIlci

wasupgradedto aMacintoshQuadra700duringtesting.Thecomputerwasconfigured

withtwoboardsmadebyNationalInstrumentsCorp.ThefirstwasanGPIBcomputer

interfacewhichwasusedto sendcommandstothehydraulicloadframe.Thesecondwas

amultifunctionI/Oboardwhichreadvoltages.Twovoltageinputscamefromthe

hydraulicloadframeandweremonitorsof loadanddisplacement.Threevoltageinputs

camefromthethreestraingaugereaders.A finalinputwasfromthethermocouplereader

andwasmadethroughthestandardmodemport. Thecomputerread,processed,plotted,

andstoredthedata,andsentappropriatecontrolcommandstotheloadframebasedonthe

processeddata.Thiscomplexdataacquisitionandcontrolsystemwascontrolledby a

LabviewprogramalsomadebyNationalInstrumentsCorp.Labviewis aversatile

programminglanguagetypeapplicationwithcommandstoprocessdataandcontroldigital

equipment.Toruntheexperimentsforthisstudy,acomplexcomputerprogramwas

writtenwithinLabviewtocoordinateall thevariousfunctionsthatwereneeded.Labview

computerprogramsaresomewhatunusualin thattheyaregraphicalinsteadof existingas

linesof code.Figure6showsasmallsectionof thecodewhichlooksmorelikeaelectrical

diagramthanacomputerprogram.Thelinesrepresentflowof datawhileothersymbols

representdoloops,branchpoints,subroutinecalls,etc.Thecomputerprograminteracts

withtheresearcherthroughwindowsonthecomputerscreen.An exampleof howthe

computerscreenmightlookwhilerunningatestis shownin Figure7andshowsbuttons

usedto turnvariousfunctionsonandoff,boxesto enterdata,boxesto displayresults,and

windowstoplotdata.Thecomputercontrollerwasableto readandrecordto diskover

200setsof data/secwhileperformingothertasks.
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Figure6. An exampleoftheLabviewcomputercode.

Figure7. An exampleof theLabviewcomputerdisplaywhileperformingatest.
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Transversestrengthtestswereperformedatfourtemperatures:300,350,400,and

450°F.At eachtemperature,constantloadratetestswereperformedwitharangeof

loadingratesthatproducedfailuretimesfromhalf asecondto approximately24hrs. The

fiverampratesthatwerechosenwere500,25,1,0.05,and0.0025lb/sec.Theserateswere

chosentobefairlyevenlydistributedwhenplottedonalogarithmicscale.At eachloading

rateandtemperature,threeormoreduplicatetestswereperformed.

Toperformthesetests,thetestspecimenfromthe8ply laminateswereputin

randomorderandthespecimenwerethentestedin thatorder.Thedimensionsof the

specimenstobetestedwerefirstmeasured.Thewidthandthicknessofthespecimenwere

measuredtothenearest0.0001in.usingmicrometersatthreedifferentpositionsspaced

alongthelengthof thetestspecimen.Theaverageof themeasurementswasrecordedfor

thethicknessandwidth. Straingaugeswerethenappliedfollowedby theendtabs,as

describedearlier.Thespecimenwereagedandstoreduntil theycouldbetested.Priorto

performingatest,thetestmachinewasheatedtothetesttemperatureandallowedtoreach

equilibrium.Thiscouldtakemanyhoursbecauseof thelargemassof thegrips.Oncethe

testenvironmentwasatthedesiredtemperature,aspecimenwastakenfromthestorage

ovenandgrippedin theupperhydraulicgrip. Thespecimenwasgrippedsothataquarter

of thetabextendedoutofthehydraulicgrips.Thespecimenwascenteredin thegripside

tosideinboththeupperandlowergripsothatit waswellalignedwiththetestmachine.

Thespecimenwasnotgrippedbythelowergripatthistime. Thethreestraingaugeswere

connectedtothethreestraingaugereaders.Theovendoorwasclosedandthespecimen

wasallowedtoheatupto thetesttemperature.Thetemperatureofthespecimenwas

monitoredby thermocoupleslocatedneareachgripandatthecenternearthestraingauges.

Thespecimenwasheatedfor 30min. toallowtemperaturestoequalize.Oncethe

specimen,whichwashangingfromtheuppergripwasattemperature,thestraingauges

werezeroedsincetheirreadingshadchangedsignificantlywith thechangein temperature.
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Thelowergripwasthenclampedsothatthelowertabextendedoutofthegripby aquarter

inch.As thespecimenwasgrippedthecontrolof theloadframewaschangedfrom

positiontoloadcontrolandasmall2 lb.preloadwasappliedtothespecimen.This

procedurepreventedanysignificantoverloadingduringthegrippingprocessandavoided

oscillationthatcanoccuratzeroload.Thehydraulicpressureto thewedgegripswassetto

around100psiwhichwasaboutaslow asit couldbeset.Thelow grippressure,the

extendingof thetabsoutof thegrip,andthetabbingprocedurewereall carefullychosen

detailstohelpavoidastressconcentrationatthegripwhichwouldcausepremature

failures.After thespecimenwasgripped,it wasreadytobetested.

Theconstantloadratetestsweregenerallycontrolledby thehydraulicload

controllerwhichhasadvancedfeedbacksignalprocessorswhichallowit toperformtests

wellathighratesof speed.Thehydraulicloadcontrollerhoweveronlyperformsaloading

ratesdownto .003lb/secso,fortheslowesttest,theloadingratewascontrolledbythetest

computer.Thetestcomputercalculatesaloadgivenaconstantramprateandstartingpoint

andsendsthisasaconstantsetpointtothehydraulicloadcontroller.By updatingtheload

everyfewsecondsduringa24hr.longtest,aconstantloadtestis achieved.

Thecomputerinterfacewiththehydrauliccontrollerwasimportantfor another

reason.It wasfoundthatthezeropointof theloadcellwassignificantlyeffectedby load

celltemperaturewhichiseffectedbytheambientlabtemperatureandby theenvironmental

chamberheating.Thefluctuationin thelabtemperatureisespeciallylargebecausethe

heatingandcoolingis turneddownatnight. Becausethelongertestrunfor 24hrs.,they

wouldnaturallyseethischangein temperature.It wasfoundthatthezeropointof theload

cellcouldchangeby asmuchas50lbs.dueto thechangein temperaturesthattheloadcell

wouldsee.Thiswasasignificanterrorfortheteststhatweretobeconducted.Thechange

in loadwith loadcelltemperaturewasmeasuredandfoundtobealinearfunction.Once

thiscorrectionfunctionwasknown,thetemperatureof theloadcellcouldbemeasured,and
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acorrectionto theloadreadingcouldbemade.By correctingfor temperature,it wasfound

thatthezeropointcouldbeheldconstantwithinafewpounds.Sincetheloadcellchanged

temperatureslowly,nocorrectionwasneededfor theshortertests.Forteststhatwould

takeanhouror longer,thetemperatureof theloadcellwasmeasuredby thethermometer

readerandsenttothecomputer.Thecomputercalculatedthecorrectionandchangedthe

setpointof thehydraulicloadcontrollerbytheappropriateamount.Thisensuredatruly

constantloadingrate.Themeasurementof ultimateloadcouldbeevenmoreaccurately

measured,sinceaninstantafterfailure,theloadcellwasin anunloadedcondition.For

eachtesttheloadmeasuredafterfailurewasusedasthezeroloadpointandthisvaluewas

usedto correcttheotherloadreadingsfor thattest.

Duringatest;load,positionandthethreestraingaugereadingswererecorded

alongwith temperaturedata.At least100datapointswererecordedwhileeachspecimen

wasbeingloadedto failure.

Aftereachtest,averagestrainfromthestraingaugewasplottedasafunctionof

load. Thedifferencein thereadingsof thegaugesontheedgeof thespecimenwasalso

plottedalongwithdifferencebetweenthecentergaugeandtheaverageof theedgegauges.

Thedifferencein theedgegaugesis ameasureofbendingsideto sidewhilethedifference

betweenthecentergaugeandtheedgegaugesisameasureof bendingfronttoback.The

values&these bending strains generally stayed below 200 ge which is less that 5% of the

average strain at failure and indicates that the specimen were well aligned. The maximum

load from each test was recorded as well as the maximum average strain and the slope of

the initial linear portion of the loading curve. All load values were corrected by the zero

load point recorded just after failure as described earlier. The maximum load value was

divided by the specimen area (width x thickness) to obtain the specimen strength.
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Double Cantilever Beam Tests

The double cantilever beam (DCB) delamination tests were performed at

temperatures between 300°F and 400°F over a range of time scales so that time to failure

ranged from 0.5 sec. to 24 hrs. These are similar test conditions to the 90 ° tension tests

except that DCB tests at the highest temperature, 450°F, could not be performed. During

the tests; load displacement and temperature measurements were recorded. During some

of the tests, video images of the delamination growth were also recorded.

The DCB specimen is shown in Figure 8. The 24 ply specimen are approximately

0.12 in. thick and are cut so that the Kapton film forms an artificial delamination at one

end. Aluminum hinges are adhered to the delaminated end of the 1 x 6 in. specimen as

shown in the figure. Finding an adhesive that had sufficient strength at the test

temperatures was a problem. The 934NA epoxy used in the tabbing of the transverse

tension specimens proved inadequate for this application. Several high temperature

adhesives were investigated with no candidate having sufficient strength once it had

endured the time at temperature that the test specimen would see. The best candidate was

/.in0e
Delamination I1,, "

/y_direction _ _-"_,_Y' ,_

Figure 8. The DCB test specimen.
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found to be a film adhesive designated HT 435 made by American Cyanamid Co. This

epoxy-phenolic adhesive with a glass cloth carrier fabric was found to hold adequately if it

was not held at temperature for too long. The DCB specimen were dried and aged using

the same thermal conditioning cycles described earlier for transverse tension specimen.

The loading tabs however were not bonded to the specimen until after the specimen were

conditioned, thus keeping the time at elevated temperature on the adhesive low. The

loading hinges were applied to the specimen using a jig so that the hinges would be well

aligned with each other. The axis of the hinges was kept perpendicular to the length of the

specimen, and the center of the hinge pin was located 1.5 in. from the end of the Kapton

film. Once the hinges were placed in position with a layer of the adhesive film between the

hinges and the test specimen, a clamp was applied, and the specimen was heated to 340°F

for 40 min. to cure the adhesive. The specimens were stored at 225°F until they could be

tested.
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Thetestapparatusfor theDCBwasthesameasthatpreviouslydescribedfor the

transversetensiontestwithseveralmodifications.Firstanewlow capacityloadcellwas

addedto thesystem.Thiswasnecessarybecauseof thelow loadsrequiredtofail theDCB

specimen.Thenewloadcellwasa1000lb. loadcellmanufacturedby EatonCorp.and

wasfoundtonotrequirethetemperaturecorrectionthatthelargerloadcellhadneeded.A

secondmodificationwasthatthetophydraulicgripwasremovedandreplacedwithan

extensionrodthatattachedtoamechanicalgrip. Themechanicalgripwhichclampedtothe

tophingeof thespecimencanbeseeninFigure9. Thelargemassof thehydraulicgrip

Figure9. Photographof aDCBtestinprogress.
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allowedthecontrolof theteststandtoeasilyfall intounstableoscillationasthegripacted

asabatteringramagainsttheloadcell. Replacingthehydraulicgripwiththemuchlighter

mechanicalgripgreatlyimprovedthisproblem.Theextensionrodwaswatercooledto

thermallyisolatetheloadcellfromtheenvironmentalchamberandwasequippedwitha

ballandsocketjoint attheendmakingthefixturelargelyselfaligning.Thebottom

hydraulicgripwaskept. It didnotcausetheproblemthatthetopgripcausedsinceit was

notdirectlyconnectedtotheloadcell. Keepingthebottomgripallowedthegrippingof the

specimentobecontrolledfromoutsidetheenvironmentalchamber.Thestraingauge

readerswerenotneededforthesetests.

Figure10. ThetestapparatususedduringDCBtests.
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Duringsomeoftheteststhedelaminationgrowthwasobserved.To seethe

delaminationtip a longfocallengthmicroscopewasusedasseenin Figure10. This

microscopemadebyQuestarCorp.hasa 14in. focallengthsothemicroscopecanfocus

onthecracktip throughthewindowontheenvironmentalchamber.Themicroscopeis

equippedwithavideocamerawhichsendstheimagetoamonitor.Theimagewhenviewed

onthe13in.monitorismagnifiedbyapproximately150X.A dateandtimestampis

placedontheimagesothatimagescanbesynchronizedto loadanddisplacementdataand

isrecordedonastandardVCR. Thelongfocallengthmicroscopeismountedona

moveablestagesothatit ispossibletofollowanadvancingdelamination.Toobservethe

specimenwiththelongfocallengthmicroscope,ahighlevelof illuminationwasneeded.A

remotelightsourcewith ahightemperaturefiber-opticcablewasusedto obtainsufficient

lightingof thespecimenin theenvironmentalchamber.

Delaminationtestswereperformedatthreetemperatures:300,350and400°F.

Testswerealsoattemptedat450°F,but thetestsdidnotfail by delaminationextensionand

arethereforeinvalid. Compressionfailureofthematerialonthesurfaceof thespecimen

nearthedelaminationtipcausedtheseprematurefailures.At eachtemperature,constant

loadratetestswereperformedwitharangeof loadingratesthatproducedfailuretimes

from0.5secto approximately24hrs. Thefive loadingrateswere60,3,0.12,0.006,and

0.0003lb/sec.Theseloadingratesarequitedifferentfromthetransversetensiontests

becausetheloadto failureofthespecimenarequitedifferent.Theywerechosentocreate

failuresin approximatelythesametimeperiodsasthetransversetensiontests.At each

loadingrateandtemperature,fiveduplicatetestswereperformed.

Toperformthesetests,thetestspecimenwereput in randomorderasdescribedfor

thetransversetensionspecimen.Thedimensionsof thespecimenweremeasuredusing

micrometersandtheaverageofthreereadingsalongthelengthwererecordedforboth

thicknessandwidth. Thespecimenweresubjectedtothedryingandagingthermalcycles.
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Thehingetabswerethenbonded,andtheadhesivecured.Thespecimenwerestoredfor

lessthanaweekat225°Funtil theycouldbetested.If thedelaminationgrowthwastobe

visuallyobserved,athinlayerof whitecorrectionfluidwasappliedtothespecimenin the

vicinity ofthedelaminationtip sothatdelaminationtipcouldbemorereadilyseen.The

specimenwasthenattachedtothetopmechanicalgrip. Thespecimenwascenteredsideto

sidein thebottomgripandwasallowedto restonthebottomgripsothatspecimenlaid

perpendiculartotheloadingdirection.Thespecimenremainedungrippedandtheoven

doorwasclosed.Thespecimenwasheatedfor 30min.in thepreheatedovento allowthe

specimentoequalizeatthetesttemperature.Thespecimenwasthengrippedin thelower

gripasthemechanicalcontrollerwasswitchedfrompositiontoloadcontrolwitha2lb.

preload.TheDCBspecimenwasthenreadytobetested.

Theconstantloadratetestshadtoberunin severaldifferentwaysdependingon

theloadingrate. Testswith0.12and3lb/secloadingrateswerecontrolledbythe

mechanicalcontrollerin loadcontrolmode.Becausethehydraulicloadcontrollercould

notperformtheveryslowloadingrates,the0.006and0.0003lb/sectestswereperformed

withthetestcomputercontrollingthesetpointasdescribedfor thetransversetests. A new

problemoccurredwith thefastestDCBtests.Toperformthefastloadingrates,the

responserateofthetestmachineneededtobeincreased.Theresponseof thetestmachine

couldbeincreasedby "tuning"thePIDcontrolparametersonthetestmachine.

Unfortunately,beforethenecessaryresponseratewasachieved,theloadmachinewouldgo

intounstableoscillation.Thisproblemwasdueto thecombinationof thehighcompliance

of thetestspecimen,theweightof themechanicalgrip,andthenoisein theloadcellsignal.

Tosolvethisproblem,thefastesttestswereperformedin displacementcontrol.Thereis

nodifferencein displacementcontrolandloadcontrolaslongasthecomplianceof the

specimenisconstant.Thesewerethefastesttestssothespecimenresponseswerethe

mostconstantofthetests.A displacementrateof 0.4in/secwaschosentoachievea
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loadingrateof approximately60lb/secfor thesespecimen.Theexactloadingratewas

determinedfromthemeasuredloadresponseof eachtest.

Duringatest,loadandpositionwererecordedalongwith temperaturedata.At least

100datapointswererecordedwhileeachspecimenwasbeingloadedto failure.

Aftereachtest,thedistancefromthecenterof thehingepin totheendof thedelamination

insertis recordedasthedelaminationlength,a. Thedelaminationlengthismeasuredoff

of thedelaminatedfaceof thespecimenwheretheendof theinsertcanbeplainlyseen.

Measuredloadwasthenplottedversusdisplacementandalinewasmarkedthroughthe

initiallinearportionoftheloadcurve.Fromthegraph,theslopeof thelinearportion,the

loadweretheloadingcurvedeviatedfromlinear,andthemaximumloadpointwere

recorded.Theloadvaluesof eachtestwerecorrectedby thezeroloadpointreadingtaken

fromtheloadcelljustaftereachspecimenbroke.Forthefastesttestsagraphofload

versustimewasalsoplotted,andtheslopeof theinitial linearportionwasrecordedasthe

loadingrate.Thesemeasuredparameterswereusedto calculatethetoughnessof each

specimenusingmodelspresentedin theanalysischapterandtheresultsarepresentedin

theresultsanddiscussionchapter.
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CHAPTER IV

ANALYSIS

This chapter describes four types of models that were used in this dissertation

research. The first section describes different compliance models. The second describes a

viscoelastic fracture model that was developed to try to relate the time and temperature

dependence observed in the strength data to that previously observed in compliance data.

The third section describes a failure criterion based on the dilatational strain energy which

is an alternative explanation to the fracture model. The fourth model development

describes how the measured parameters of the DCB test are used to calculate fracture

toughness.

Compliance Model

The model for the compliance of the matrix, D.... is based on creep data for the

K3B material. The data shown in Figure 11 was collected during a study on physical

aging[21 ]. The curves in Figure 11 are momentary master curves, which means that each

curve is the compilation of several tests conducted with different aging times. The data is

then manipulated to form a curve for compliance at each temperature which is uniformly

aged for 2 hr. Put another way, this data has been manipulated to remove the effects of

aging that would ordinarily bias data from a creep test due to aging that occurs during a

given test.

To convert this data into a viscoelastic compliance model that can be used at

different temperatures, a master curve is formed from the data. Figure 12 shows that the

data does form a well behaved master curve using a shift constant rl=29700°R. The
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mastercurvewhichwasshiftedto 392°Fwasfittedwithastretchedexponentialf5nction

whichhastheform

Dm = Do ev'rj (7)

where the initial compliance D O has a value of 2.35 1/Msi, the time constant v has a value

of31500 sec., and the stretch factor [_ has a value of 0.31. For the master curve to model

compliance at odler temperatures, it must be shifted in time using the shift constant used to

form the master curve. The compliance model therefore becomes

[-c t
Dm Doe ll,---29700()X{'R-_852)= (8)

One more correction needs to be made before this model can be used to predict the

compliance of the matrix of the composite specimen used in this study. The momentary

master curves presented in Figure 11 were for a uniform aging time of 2 hrs. To model the

compliance of the material in this study which was aged for 66 hrs. at 400°F, the master

curve must be shifted. From file same aging study[21], a shift rate _ for aging at 400°F

was taken as 0.93. This shift rate was used in file following equation to obtain the

appropriate shitt to the master curve.

log( A T ) = _l(l°g(tage ) - l°g(tref )) (9)

In the cunent case t_d is 2 hrs. and t_ is 66 hrs. which gives a shift factor of 26.0. To shift

the reference master curve, file shift factor is multiplied by the time constant _. This

produces a new master curve for the new aging time which is described by the same
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stretchedexponentialequationbutwid_anewtimeconstant.In thiscase,thenew z is

820_000sec.sothecompliancemodelfor thematrixbecomes

]0.031
t ,

/1/ 1/ _

D m = 2.35e 820,000 10-29700[-/YTR-'Y852) (10)

This visco elastic model tbr matrix compliance at various temperatures will be used in the

following section as input into a t_acture model for the composite.

t
Matrix

Figure 13. Diagram of a composite series model..

The viscoelastic matrix compliance model cml also be used to predict the

viscoelastic response of the composite. Of primary interest was die question, "How well

can the nonlinearity in die transverse tension load strata response be explained by

viscoelastic matrix model?" To answer this question the matrix compliance was related m

the compliance of die composite through a simple series model. The series composite

model is created assuming the matrix and the fiber materials are ananged in series as

shown in Figure 13. Equation 11 relates the constituent properties to the composite

properties for this type of composite model.

D c = l)fDf + l)mD m (11)
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ill) and_oarerespectivelythecomplianceandvolmnefractionof thecomposite,fiber,and

matrix. Forthistypeof graphitepolymercompositewherediematrixismuchmore

compliant:thanthefiber,thefibercanbeassumedto berigid (Df - 0 ). Equation 11

theretbre reduces to

D c = v m D m (12)

This equation indicates that a simple scaling factor should be able to scale the matrix

compliance to dmt of the composite, mid tSrther that die scaling factor would have physical

significance as the matrix volume fraction.

Figure 14 shows how the K3B neat resin compliance was scaled to the composite

compliance for a transverse tension specimen tested at 300°F and 500 lb/sec. The

deformation response of this test was quite linear because of the high temperature and fast

loading rate. The figure shows dlat a scaling factor of 0.33 was need to scale die man'ix

property to that of the composite. This factor is a reasonable value for matrix volume

fraction of this type of composite specimen.
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Figure 14. Scaling of matrix compliance.

This compliance model can now be used to predict compliance responses at test

conditions where the material no longer behaves linearly. In order to calculate the

viscoelastic deformation of the matrix or the composite from their respective compliance

functions, a heredita13, integral is used. The hereditary integral is presented in the

background section as Equation 1 and is reprinted here.

e(t) = ]-tD(t - _) _d_

D can be the compliance of the matrix or file composite depending on which material

response is desired. Examples of predictions of viscoelastic deformation for the composite

are shown in Figure 15 for constant ramp rate tests at 450°F which would be expected to

show the most nonlinearity. The figure shows that the model predicts a significant

diftbrence m deformation response at the different loading rates and that at the slower
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loading rates a large degree of nonlinear behavior is expected. The figure also shows the

importance of accounting for the aging of the specimen with the unaged model showing

significantly more deformation. These model predictions will be compared to the

measured responses in the results chapter.

Viscoelastic Fracture Model

The viscoelastic fracture model devek_ped here uses the matrix compliance data as

input mid calculates a fracture parameter which may be used to predict composite failure

variation with tm_e and temperature. This model is btfilt on a crack tip energy fracture

parameter described in the literature[44]. The Wf fracture parameter is physically the
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energy that is available to extend a crack tip and is defined in the tbllowing equation.

Wf E_) i [)m (ti dJI4
= - _)-_d_ (13)

J_': is the J integral of a body similar to the body of interest except that it is elastic with a

modulus of E. E is actuNly an arbitrar), parameter which eventually cancels out of the

equation. D(t) is the compliance of the material in the process zone around the crack tip so

in tNs case it is the compliance of the matrix Dn_and not the compliance of the composite.

Wf is calculated by this hereditary integral from 0, when loading of the body begins, to ti

die time when die crack begins to grow. For ml elastic bo@, compliance is not a fhnction

of time so ill)can be removed from inside the int%m;al which can then be reduced to J_.

Since jE is tbr the reference elastic system it is equivalent to (]E_the strain energy release

rate of the reference system. J_ is also related to K, the stress intensity factor dlrough the

reference modulus and the Poisson's ratio v. Of course the strain energy release rate is

only a ftmction of the applied stress (y and the geometry factors such as crack size and the

specimen dimensions which are represented by the constant C _.

V 2 V 2
jE = GF; _ 1- K2 _ l- (el(y)2 (14)

E E

For the elastic case then Equation 14 reduces to

W f= El) j E= E D 1- v----_2K 2=(1-v2)l) K 2= (3 (15)
E

Therefore in the elastic case, Wf is eqmvalent to the strain energy release rate.

The difference between Wf and G only shows up for an inelastic problem. G is

a measure of the energy that is supplied to a body from external sources and is a good

fracture parameter when one can assume that the energy that is supplied to a body is

readily available to extend the crack. For a viscoelastic body, this is not the case because, in
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aviscoelasticbody,thebodyitselfabsorbsenergylike asponge.It absorbsenergysothat

it isnotreadilyavailabletothecracktip,midthenata latertime,it mayrelinquishthe

energymakingit availabletothecracktip.

Failurein theviscoelasticmodelis assmnedm becontrolledonlyby theamountof

energythatis actuallyavailablemthecracktip,thusWf.. Substitutingtheexpressionfor

J_':intothedefinitionof Wf producestheequation

Wf (1 2ti d((_2 )= -v)C lf(_ Dm(t i-_I j) ' 'd_I j (16)
dhv

Although it is not necessary that W_. be constant with time and temperature, if one does

make that assumption, predictions of failm:e variation with time and temperature become

very straightforward. One could test one specimen of a geometry where the strain energy

release rate geometry constant (;_ is known. From Equation 16, the critical value of Wf.

could then be calctflated using the time to failure and the other test parameters. The critical

Wf could then be used to calculate the time to Failure of any other loading history and

geometry by reverting Equation 16. Of course the C_ parameter would need to be known

for the new geometry.

This model could also be used in cases where the geometry parameter is not known

such as for transverse tension tests where crack growth from an initial flaw of unlalown

size and shape is assumed to control failure. One specimen of a given geometry would

then be tested to failure. Lumping the Wfparameter together with the un½_own geometr),

cons 'rants, a new constant could be defined that wotfld be used as the critical parameter to

predict the fSilure of the specimen subjected to different loading and temperature histories.

This would not be as useflfl a result: as the known geometry case because the results could

not be translated to other geometries, but it would still be quite helpti_l because fhilure after
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awiderangeof loadingandtemperaturehistoriescotfldbepredicted.Toillustratehowthis

couldwork,thetransversetensiontestsconductedin dlisstudywill beusedasanexample.

Theexperimentsin thisstudywereperfolTnedwithconstantloadingrates;therefore

(_wb = P= Rt (17)

whereRis theloadingrateandPis theappliedload. Whenthisexpressionissubstituted

intoEquation16,it produces

Wf (1 .p,r_2rti= -_)t_lj 0 Dm(ti-vl/)

2(1 - v) C2R 2

w2b 2
f_i _iJ Dm(t i _ _I_)d_I_

By assuming that Wf is constant and collecting the temls that are constant for this

experiment:

W 2 1)2Wf
R2 j(;i-*Hj Dm(t i - vii) dRj - ,2 - Constant (19)

2(l - v) C 1

The critical Wf is lumped with other constants to produce the constant Q. Once the critical

vdue of this constant is determined with one test:, predictions of failure can be made fbr

other temperature and load histories. Figure 16 shows predictions of this model createdby

inverting Equation 19 to predict times to failure at different loading rates and temperatures,

assuming the compliance model developed in the previous section. Although die

predictions in the figure are limited to simple constant load rate tests, it is not a necessary

limitation. The Maple madlematical manipulation computer program [60] was used to

create the contour plots in Figure 16 because inverting the integral in Equation 19 to obtain

a. fimction for t_ is not a. simple operation. The data is presented as strength as a fimction of

loading rate to emtfla.te how experimental results might actually be presented.
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Figm:e16showsthatthemodelpredictsstrengthdecreasingwith longertesttimes

orslowerramprates.Onewayof thinkingabouttheresultsis tothinkof afailure

occurringatagivenstresslevel. If thetimemreachdlatstresslevelweretobeincreased,

thetimeforviscoelasticdefomlationwouldalsobeincreased,thereforeproducinggreater

deformation.Themodelassumesthattheworkto failureis constant;thereforeif the

deformationincreases,diecriticalstresswouldhaveto decreasesinceworkis stresstimes

defonnation.

Withoutassumingthat Wf.remainsconstantwithtimeandtemperature,the

predictivecapabilitiesof themodelbecomemuchmorelimited. Nowinsteadofbeingable

topredictawiderangeof fhilureeventswithjustonetest,manywouldbeneeded..Once

thefailurecontourforonespecimengeometryisdefinedforhowWfchangeswith
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Figure 16. Constant Wf contours of strength predictions.
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historiesof loadandtemperature,it couldthenbeusedtopredictthefailureof other

geometries.I)efiningdiefailurecontourcouldbequiteproblematichowever,sincethe

varietyof loadandtemperaturehistoriesto failurearetmlimited.

Dilatational Strain Energy Model

The failure of composite material transverse to the fibers has been attributed to

more than one failure mechanism. In the last section, a fracture model was presented which

assmnes failure occurs when the energy available to extend a crack from an inherent flaw

reaches a critical value. A second failure criterion that has been studied assumes fhilure

occurs when the dilatational strain energy density, _d_, at a point in the matrix reaches a

critical value[30]. ']'he dilatational strain energy is the energy stored by a material through

volume expmlsion. Energy may also be stored in a material dlrough shear, but it is

assumed that this form of energy storage does not contribute to failure. The dilatational

strain energy density is defined by die equation:

Edil = _[Exx +£yy +£zz]d[_xx +¢Jyy +C_zz] (20)

The c_ and e terms are the normal components ofd_e stress and strain tensor, respectively.

The energy density will vary with position within the matrix because the stresses mid

strains vary.
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Tomodelthestressandstrainvariationwithinthecomposite,amicromechanics

modelisused.Figure17showsadiagramof thesimplemicromechanicsmodelused

alongwidl dieboundaryconditionsassmned.Notethatthefiberis assmnedrigid in this

modelandthatthex andy axesareconstrainedby symmetryconditions.Thetop

bounda13,is assumedtornoveupaconstantarnountVdue to a force in the y direction and

the shear stress on this boundary is assmned to be zero due to symrneu'y. The boundal T

conditions on the right side of the model are sirnilar to the top conditions. No shear su'ess

is allowed on the boundary and the lateral displacernent is constrained to be constant. The

oMy difference is that the *brce applied to the right hand side is constrained to be zero

since no force is applied through the thickness of the laminate. The constraim in the fiber

direction which is out of the paper for the micromechanics model is assumed to be plain

strain.

Y

u(O,y)=O

rsxy(O,y)=O

P

v(x,c)= Wfl (t)

_xy(x,c)

Viscoelastic matrix

C X •fl such that J'O_xx( . c) dx = P

c

u(c,y)=U f2(t) f2 such that [O(_yy(C.y ) dx = 0

C_xy(C,y)

0
0 C

v(O,y)=O

C_xy(x,O)=O

X

Y

Figure 17. Micromechanics matrix model.
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Theboun&ryconditionsonthemicromechanicsmodelallowtheuseoftheAlfrey

correspondenceprinciple[61]. Thisprincipleassumesthatthestressandstrainsolutions

areseparablein spaceandtimeasindicatedin Equation21.

_ii = _EljH(t) eij = aE F(t)

u = ti E F(t) v = v E F(t)

(21)

The spatial solution is given by an elastic solution to the problem designated by the

variables with the superscript: E because an elastic modulus, E, is assumed in the solution.

The variation with time is &scribed by the f\mctions F(t) and H(t) which are chosen so that

the boundary conditions can be satisfied and must relate to each other through the relation

F(t) = E .[_l)m(t- _1')__ (22)

For the cunent problem which is loaded with a constant ramp rate

H(O .... e .....a t

Ftt) = fl (t) = f2 (t) (23)

In the application of the Alfrey correspondence principle, the assumption was made that

the Poisson's ratio v does not vai N with time. The constitutive equation for the matrix

theretbre is

8yy = (1 + v) 1 - v _ Din(t- V) (3yy(W) dw

[e×y j 0 _ kC_x>,(_)J

ezz=0 (exx +evv) = (1 + v)(1 - 2v) j; Dm(t - ,q) d(Crzz('l'))@ q
" v d.'q

(24)

Substituting Equation 24 into equation 20 and substituting Equation 21 and 23 produces
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'3

_dil = '-E_E E_ Dm(t dP_
dil - 11*)d_ dill

d(Rlg) 2
= E E E;tDm(t-

dil 0 d/l/

= 2 E dil E R 2 .[_lgD m (t - lg)dll*

(25)

"£ _il is the elastic dilatafional strain energy density calculated fi'om the corresponding

elastic problem. ¢'_'dil is a function of location only throueh _I_; It is assumed that failure
- _ dil"

will occur when '-£_ilreaches some critical value, and it will occur at the location in the

• • E
matrix corresponding to the maximum m_E Equation 26 describes this failuredil"

condition. The parameters which are constant in this study are collected on the right side

of"the equation.

E f_ lgD m (t - v)dlg(CLdil)crit = 2(c_dE1) max R 2

(_dil)crit (26)
R 2 _t _ sJ(I_Dm (t - _)d_q = = Constant

2(_E\ dil) maxE

The left: hand side of Equation 26 is exactly the same as Equation 19 which was derived

from the fiacture criterion. Therefore, the only difference in these failure criterion, for this

set of tests, is the interpretation of the physical constants. Therefore, strength predictions

from the dilatational strain energy model would look exactly the same as predictions from

file fracture model as long as the geometry remains constam. Assuming file critical

dilatational strain energy remains constant with time and temperature gives identical

predictions of strength to that presented in Figure 16 for the fracture model.

Although the predictions from the dilatational energy model are the same as the

fracture model, for a given geometry, the predictions of strength would change for different
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t?pesof specimenandmightnotbeexpectedtomodelthethilureof afracturetype

specimen.Thismodelwill provideanalternativephysicalimerpretationfor theresults

presentedin ChapterV.

Double Cantilever Beam Model

The double cantilever beam (DCB) test is a standardized fracture toughness test

[62]. However to calculate a toughness value from the experimentally rneasured values a

fracture model is needed. The standard defines the fracture toughness as

1 dU 3P8
Gic = ERR - - (27)

w da 2wa

where the subscript Ic indicates a roughness value from a mode I test where the faces of a

crack are pulled open as opposed sliding over each other. GEois equal to ERR, the energy

release rate, if the material is elastic. U is elastic su-am energy, a is delamination length,

and 8 is the applied displacement. In the standard, three different metho& of calculating

the toughness parameter are presented which accotmt fbr small variations of'the specimen

response from that predicted by simple beam theory. Each of these methods were based

on a recorded history of load, displacemem and delammation extension. In this study, it

was not possible to record the delamination extension history of all the specimens so ERR

was calculated more direct fiom the above definition. The slope of the initid linear portion

of the loading cm_ee is defined

P
m =-- (28)

8

substituting this into Equation 27 produces the equation

3p 2
ERR - (29)

2warn
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Thisequationwasusedtocalculateenergyreleaseratevaluesfromtheparameters

measuredduringtheDCBtests.Twovaluesof criticalappliedloadaresuggestedin the

standard:thepointof deviationfromlinearityanddiemaximumloadpomt.Thesetwo

pointsproducereleaseratevaluesthatmaybeseenaslowerandupperboundsonelastic

materials.Theuseof bothcriticalpointswill beexplored.Thedimensionsof the

specimenswerechosenusingformulasgivenin thestandardsothatgeometric

nonlinearitiesshouldbeinsignificant.

Equation29calctflatesERRassumingthematerialis linearelasticwhichwotfld

makeit equalto G_.Thematerialin thisstudycomainsamatrixmaterialthatis

viscoelasticin thetimeandtemperaturerangestested.Goetz[63]showedthatthe

defbrmationoftNs typeof unidirectionalDCBspecimenisprimarilycontrolledbythe

elasticfibers,andthereforeit isbelievedthatthatthistypeof elasticanalysisis sufficientto

calculatedERRandtheretbreG_.Althoughthestiffhessofthetestspecimenisbelievedto

belargelycontrolledbythefiberswhicharelinearelastic,it ispossiblethatsomeenergyis

absorbedawayfromfilecracktip regiondueto fileviscoelasticpropertiesof thematrix.

Forthisreasonthecracktip energyparameterW_.wascalculatedfromthesetestsaswell.

Thefollowingequationis derivedstartingwithEquation13andsubstitutingEquation14

and17.

dJE
Wf = E[_i Dm(ti - ta)--_ d_t_

d l-v2 (C2p)2

= E[_i Dm(ti _,ia) E d_ij
• d_

21- v _2 d(R_) 2

= E ---------------(__ I_i D m (t i - _) d_iJ d_P
g ,a

= 2(1- V2 )C 2 R 2 }'_)iDm(t i _ _IJ) d_IJ2 d_IJ
dhv

(30)
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SinceW_.is equivalenttoG for alinearmaterialmidthecalculationof theG

parameterinEquation29involvedtheinitial slopeof fileloadingcurve,G isequivalentto

WfcalculatedusingtheinitialmatrixcomplianceDoinsteadof D(t). Thefollowing

equationsresultfromthisrealization.

d_ 2
2(1-v2)C2R2 f_iDm(ti- _)_d_ 2f_i Dm(ti-_) d_t_2Wf d_Ij

G 20_ v 2)C22 R 2 _i Do d_ 2 dU? Dot
• dW

d_Ij (31)

Wf = GIc
2 ti_t_ _[ 82(I.(100

j e70
ti-_J 0.03 l-29700(yT-392)

10 d_t_ (32)

Equation 32 will be used to calctflate the crack tip energy from the fiacture toughness

which will be calculated from the experimental results.
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CHAPTER V

RESULTS AND DISCUSSION

This chapter describes the results of this experimental investigation, and discusses

the ramifications of these results. The transverse tension test results are presented in the

first section. The results are shifted in time to form a master curve and are compared to the

predictions of the fracture mechanics model. To validate the compliance parameters which

were input into the fracture model, compliance predictions are compared to the load

displacement curves recorded during the strength tests. In the second section, the results of

the double cantilever beam (DCB) tests are presented and shifted in time like the strength

data. Because the analysis of the DCB tests depended on when during the test the

delamination began to grow, a study of delamination growth is presented based on recorded

crack growth images. The fracture results are again compared to the fracture model and

followed by a discussion of the results.

Transverse Strength Tests

Strength tests were performed at four different temperatures and over five decades

of time scale as described in Chapter III. The results of these tests are plotted in Figure 18.

There is a large amount of scatter in the data which blurs the effect of loading rate and

temperature, but scatter is a common problem for this type of transverse tension specimen.

The scatter is believed to be due to the premature failure of some of the specimen. The

strength of a test specimen may be artificially low for many reasons: specimen

misalignment, damage caused during specimen machining, stress concentration due to

griping, etc. Because there are many reasons that would cause a specimen to be abnormally

low but next to none that would cause a specimen to show an artificially high strength, only

the highest three strength values at each test condition were used in the rest of this study.

The strength results are replotted in Figure 19 with the lower strength values
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Figure 18. Results of transverse tension tests on K3B/IM7.
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filteredout. It is obviousthatnotonlyis thescattergreatlyreduced,buttrendsin thedata

canbemuchmorereadilyseen.Someof thestrengthresultsthatwerefilterout,showed

edgedefectsor failuresatthegripline,butnotall therejecteddatashowedsignsof

problems.Of thedatathatwaskeptsomefailedatthegriplinewhichcanbeasignof early

failuredueto stressconcentrationsbutcanalsonaturallyoccurduetorandomstrength

variationsalongthelengthof thespecimen.OnFigure19,thetrendsin thedataaremarked

by secondorderpolynomialcurvesfittedthroughthedataby aleastsquaresprocedure.At

eachtemperaturetested,thestrengthdecreasesbyatleast25%overthe5 decadesof time

scaletested.At 450°F,whichwasthetemperatureatwhichthestrengthwasthemost

sensitiveto loadingrate,thestrengthdroppedby66%.Thehigheststrengthwasalwaysat

thehighestloadingrateandthereforetheshortesttest.Thenumericalstrengthdataare

listedin Table1of theAppendix.

Thestrengthresultsalsoshowasignificanttemperaturedependence.Each
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Figure 20. Transverse tension strength results shifted to 300°F.
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incrementof 50°Freducedthestrengthatagivenloadingrateby anaverageof 900psi.

Thecurvesalsolie approximatelyparallelto eachotherinamannerwhichmightallowthem

to formamastercurve,exceptfortheresultsat450°F.Figure20wascreatedby shifting

theresultspresentedin Figure19usingthesameshiftconstant(r1=29700°R)thatcreated

thematrixcompliancemastercurveshownin Figure12. OnFigure20,thefiltereddatais

shiftedto 300°F,andonlytheaveragesof thereplicatetestsareshown.Thelightlinesare

thebestfit linesfromthepreviousfigureshiftedin time. Thestrengthresultsup to400°F

doappeartoformafairlywellbehavedmastercurveasshownby theheavyline. At 450°F,

thestrengthhasdroppedoff fasterthanwouldhavebeenpredictedbythemastercurve

fittedthroughtheremainingdata.

Theformationofthemastercurveindicatesthatanincreasein temperaturecreates

aneffectthatiscomparabletoincreasingthetimescale.Theformationof amastercurve

allowsthepredictionof the300°Fstrengthtestedataloadingrateof 10.7lb/secwhich

wouldrequireapproximately50yearsto conduct.If the450°Fdatahadalsofallenonthe

mastercurve,300°Ftestsconductedat10 -9 lb/sec could have been predicted which would

have required 5000 years to conduct. The current master curve allows predictions of 350°F

tests lasting half a year while 50 year tests could have been predicted if the 450°F tests had

also fallen along the master curve.

Although this way of making predictions of strength over long time scales is

significant, the technique is only good for accelerating similar load histories at a constant

temperature. These results could not be used to predict a creep test where the load is held

constant until specimen failure. These results would also prove insufficient for predicting

constant ramp tests during which the temperature changed. For these results to be used to

predict failures based on different load and temperature histories, the cause of failure

including the effect of time and temperature must be understood. Because the shift constant

for strength is the same as the shift constant for modulus it is suspected that the two time

dependent effects may be due to the same phenomenon. The change in strength with time
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mayevenbecauseddirectlybythechangeinmodulus.Onemodelthatwouldrelate

compliancetostrengthis thefracturemechanicsmodelpresentedin ChapterIV.

Thefracturemechanicsmodelassumesthatthestrengthofthecompositeisactually

controlledby afracturephenomenon.Thecompositethereforebreakswhentheenergy

levelin thecompositereachesalevelwhereacrackisabletogrowfromanexistingflaw.

Thefracturemodelusesthecomplianceofthematrixandtheloadhistorytocalculatean

energyparameterWf. Wfis theenergythatisavailableto extendthecracktipof anexisting

flaw. Whenthecriticalvalueof Wfis not known, one strength test can be used to back

calculate Wf and then assuming that Wf remains constant, predictions can be made of

strength at other times and temperatures. Figure 21 shows the experimental results

presented in Figure 20 with the constant Wf model fitted to two different strength values. It

is clear from the graph that this simple fracture model is not capturing the material behavior,
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andthatusingadifferentconstantvalueof Wf would not help significantly.

One possible problem with the model is that the neat resin properties that are used

as input to the model may be significantly different from the properties of the matrix

material which is in the composite. To test for this difference, the load-strain results from

the composite compliance model were compared to that of the measured response from the

strength specimen. Figure 22 shows these results for the slowest ramp rate at each

temperature. The model seems to predict the experimental results quit well at 400°F and

below, but at 450°F, the measured compliance is much greater than predicted. This is an

indication that at 450°F the temperature is getting so close to the glass transition temperature

that the material properties are beginning to change very quickly. This would also be a

reason why the 450°F strength data does not fall on the master curve created by the strength

values at the lower temperatures.

Figure 23 shows the composite compliance model prediction for the 400°F tests at
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all thedifferentloadingratestested.Theagreementbetweenthepredictionsandthe

measuredresponseindicatesthatthemodelisdoingagoodjob of capturingthetime-

dependentdeformationatthistemperature.Thiscanbecomparedto thecomparableresults

at450°FwhichareshowninFigure24. At 450°F,themeasuredstrainissignificantly

higherthanthepredictionsateachoftheloadingrates.Thecompliancemodelof the

composite,andthereforeof thematrix,seemstobedoinganadequatejob below450°Fso

thisshouldnotbethereasonfor thepooragreementbetweenthefracturemodelandthe

experimentallymeasuredmastercurve.

Strain

(_)

4OOO

3500

3000

2500

2000

1500

1000

5OO

0

I Experimentally measured I
...... Composite model

._ad sReat)e

.,"_J_- -B- --..--0.05
....-_-" _<_ __,_1

.,,-_lpr" __ --_-25

- ___.._V._ 5 0 0

I1_ I I I I I I

50 100 150 200 250 300

Load (Ibs)

Figure 23. Strain response at 400°F.
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Figure 24. Strain response at 450°F.

The fracture model predictions shown in Figure 21 are based on the assumption that

the Wfparameter is not a function of time and temperature. Although there is a significant

modeling advantage should Wf remain constant, there is no reason that it must. Assuming

that all the tension specimens are of similar geometry, the variation of the Wf parameter

among the different tests can be calculated as shown in Figure 25. Because the geometry

constant that relates the stress to Wf is not known, the absolute magnitude of Wf cannot be

determined. Since only the relative magnitude of the Wf is known for the different test

conditions, it is plotted in Figure 25 normalized to the highest value. It is obvious from the

figure that the fracture parameter does change significantly with ramp rate, but at least it is

fairly well behaved. On this plot where the data has been shifted using the compliance shift

factors, all data falls on a master curve except for the 450°F data. Fitting a line through the

remaining data on this log-log plot produces a expression for the Wf master curve. At

450°F, the Wf values are questionable because the compliance model used to calculate Wf

greatly underestimated the actual deformation of the material. If the material compliance

68



Wf

(normalized)

0.1

0

Shifted to 300 °F _ _tS,_

Wf = 0.65 N °°Sea

A

O 3OO°F I

[] 350°F

400°F I
I

A

........I ........I ........I ........I ........I ........I ........I ........I ........I ........I ........I ........I

109 107 105 103 101 101 103

Load Rate (Ibs/sec)

Figure 25. Wf results from strength tests.

were correctly modeled at 450°F, it is possible that these Wf values would be high enough to

also fall on the master curve.

The fact that Wf appears to be a function of rate may not be a complete surprise if

one considers the Dugdale assumption [64] that

GIc ----(YF 8CTOD (33)

% is the flow stress for the material at the crack tip which might be assumed to increase

with increasing load rates. 6CTODis the critical displacement at the crack tip which has been

shown to remain constant over a range of temperatures for certain classes of materials [65]

and therefore might be expected to be constant with time as well. Therefore a rate

dependence of (yvwould produce a rate dependence in G_cand therefore in Wfwhich might

explain the rate dependence seen in Figure 25.
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UsingtheexpressionforhowWf changes with rate, predictions can be made with

the fracture model. Figure 26 shows that the variable Wf model does a very good job of

modeling the experimental results below 450°F. At 450°F, the model does not do such a

good job. The fact that the model fits the data well below 450°F should not be a surprise

since the curve was in fact fitted to the data, just in a transformed space.

IfWf is shown to be the controlling parameter for these failures, then this model will

allow these results to be used to predict failures of other geometries where fracture is the

controlling mechanism. Unfortunately because Wf is changing, predictions of tests with

other types of load-temperature histories could not be predicted without further

understanding of how the Wf parameter changes with changing load and temperature

histories.

To test the hypothesis that Wf is the controlling parameter in these tests, constant

load rate tests of a common fracture test were performed.
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Figure 26. Strength predictions assuming varying Wf.
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Double Cantilever Beam Tests

DCB tests were performed at three different temperatures and over five decades of

time scale as described in Chapter III. A typical load history from one of these test is

shown in Figure 27. From this test at 400°F and 0.006 lb/sec, it is clear that a significant

amount of nonlinearity occurs in the load displacement curve before the maximum load is

reached. This could be due to material nonlinearity, or it may be due to delamination

growth. The amount of nonlinearity is more than might be expected from the matrix

compliance response shown in Figure 11. Delamination growth is also somewhat

unexpected because the test is conducted with a constant loading rate rather than the usual

constant displacement rate. With this type of test, one would expect the delamination to

grow to failure as soon as it begins to grow, because the strain energy release rate will

increase with delamination length. A delamination can grow stably in spite of the increasing

strain energy release rate, if the materials exhibits a steep R-curve effect, which is to say that

the material's resistance to delamination increases quickly as the delamination grows. Since

the Wf model is an initiation model, it is important that the critical point where the

delamination begins to grow be determined.
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Twopointswererecordedfromeachtest,thepointwherethemaximumloadis

reachedandthepointwheretheloadingcurvefirst deviatesfromlinear.Thesepointsare

shownonFigure27. Thenonlinearpointismoresubjectivethanthemaximumloadpoint

becausethedeviationfromlinearisusuallysubtle.Tohelpidentifythenonlinearpoint,a

line ismarkedthroughthelinearportionasshowninFigure27. Theplacementof theline

is alsosomewhatsubjectivebecauseof thesmallamountof drift in theloadsignal.The

smallamountof drift in theloadsignalcanmaskthesmalldeviationfromthelinearload

path.Acknowledgingthesedifficulties,effortsweremadetobeasconsistentaspossiblein

determiningthenonlinearloadpoint.Thevalueof thecriticalloadpointsfromeachtestare

showninFigure28. Thenumericaldatafor thesetoughnesstestsarelistedin Table2 of

theAppendix.Thereissignificantlylessscatterin themaximumloaddatathanin thepoint

of nonlineardeformation,possiblydueto thegreatersubjectivityrequiredin determiningthe
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Figure 27. Typical load-displacement response from DCB test.
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Figure 28. Critical load data from DCB tests.

nonlinear point. Both sets of data show a significant variation with loading rate but appear

to have only a slight dependence on temperature.

To determine whether the maximum load point (Pm_x)or the nonlinear load point

(P,_) is the appropriate critical point, a few of the test were observed with the long focal

length microscope described in Chapter III. Video images of the delamination tip were

recorded during a test. When the delamination grew, the microscope panned to follow the

crack tip. After the test, the video images were translated into computer images and made

into a mosaic as shown in Figure 29. The time at which each image on the mosaic was

recorded was noted and surface features were used to position the images so that they had a

constant horizontal reference point. This was necessary because the camera followed the

delamination tip. Once the mosaic of the video images was created, a record of
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Figure 29. Mosaic of delamination growth images.
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delamination growth could be made. Figure 30 shows the record of &lamination growth

and compares it to the position time history for the test. Because the test was run with a

constant loading rate, the time scale is also an indicator of load so the nonlinear and

maximum points correspond to P..... and Pnl. Notice that the first observation of

delamination growth occurs just after the nonlinear point on the delamination curve. The

maximum load point occurs after substantial &lamination growth and after the crack

growth rate is too fast to be followed by the camera.
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Figure 31. R curve from a DCB test.

The record of load, displacement, and crack growth was used to create the critical

energy release rate values shown in Figure 31. These energy release rate values are equal

the fracture toughness G_cif the crack extension is the only energy absorbing mechanism in

the specimen. As discussed in the DCB analysis section, this is believed to be a good

assumption for this type of unidirectional DCB specimen. This type of graph that shows

how fracture toughness changes with crack advance is called an R curve. This R curve is

quit steep, with the toughness nearly tripling as the delamination advances by less than a

half an inch. It is this steep R curve that allows the delamination to grow in a stable manner,

even in this type of constant load rate test. Unfortunately this increase in fracture toughness

is believed to be due to fiber bridging[66-68], which is an artifact of this type of

unidirectional test specimen and does not correspond to an increase toughness seen in real

structures where delaminations grow between layers of different orientation. From these

crack growth results, it is clear that the nonlinear point is the critical point that should be
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usedto calculatetheinitiationERR.PlottedonFigure31isalsotheinitiationERRvalue

thatwouldhavebeencalculatedif themaximumloadpointwereusedalongwith theinitial

delaminationlength.Thismistakewouldhaveproducedanapparentinitiationvaluethat

was1.7timestheactualvalue.

Thenonlinearloadpointwasusedto calculatetheinitiationenergyreleaserate

valuesfor eachspecimentestedatthedifferenttemperaturesandloadingrates.Theresults

areshowninFigure32. Fivespecimenaretestedateachcondition,andthedataateach

temperatureis fittedwithanexponentialequationthatproducesalinearfit onthislog-log

plot. Againassumingthattheenergyreleaseratevaluescorrespondtothetoughnessof the

materialfor thistypeof specimen,theresultsshowthatdelaminationtoughnessis

significantlyaffectedby loadingrate.Theinitiationtoughnessvariesby nearly3Xat300°F

butonly1.3Xat400°F.Thevaluesof theexponentialtermsof theleastsquaresfits to the

datainFigure32boundthe0.059valuedeterminedfromtheWfdataplottedonFigure25.

At theslowerloadingrates,thereseemstobeareversalofthetrendforincreasing
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temperatures to decrease toughness. One explanation for this can be postulated by again

relying on the Dugdale assumption described earlier by Equation 33. Kinloch and Young

[65] showed that over a large range of temperatures 8CTODremained constant, but they also

showed that at higher temperatures, which might also correspond to slower load rates, 8CTOD

can increase quickly. The increasing toughness with increasing temperature at low load

rates could therefore be due to an increase in the 8CTODunder these conditions. The 8CTOD

would need to increase faster than the % decreases to explain these results.

The correspondence between temperature and loading rate is also complicated. The

curves at different temperatures do not parallel each other in a way that would easily form

some type of master curve. The data is shifted with the shift rates developed for compliance

in Figure 33. On the figure, the average of the five replicate tests at each test condition is

plotted along with error bars showing one standard deviation above and below the mean.
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Figure 33. Shifted energy release rate results.
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Thecurvesatdifferenttemperaturesdonot fall neareachotherin awaythatwouldsuggest

amastercurve.In fact,thedatacamecloserto formingamastercurvebeforethetimeshift

wasmade.

Althoughtheloadingtothepointof delaminationgrowthappearedquitelinear,the

neatresincomplianceresultswouldsuggestthatthereis somedegreeofviscoelastic

materialresponseoccurringduringtheDCBtestsatthetemperaturesandloadingrates

tested.To accountforviscoelasticdeformationthatmayoccurin thematrixawayfromthe

cracktipregion,Wfvaluesareiscalculatedfromtheexperimentallymeasuredvaluesusing

Equation32fromtheanalysischapter,andtheresultsareplottedinFigure34. Theresults

atdifferenttemperatureshavebeentimeshiftedin thisfigureastheyhadbeeninFigure33.

Noticethatexceptforat400°F,thedifferenceis quitesmallbetweenWfandG_c' whichis

assumedtobeequaltoERR.At 400°F,thedifferencebecomeslargerastheloadingrateis

reduced.FromtheWfresults,it isclearthatthisattempttoincludetheeffectof viscoelastic
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Figure 34. Comparison between G_cand Wf results shifted in time.
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deformationof thematrixawayfromthecracktipdoesnothelpformamastercurvefrom

thetoughnessdata.Becauseof thelinearloadingcurves,it isbelievedthatthesimpleG

analysisis appropriateto analyzethetestresults.TheWfparameterfor theDCBtest,

wouldhavebeenmoreappropriateif aviscoelasticresponsehadshownupin theloading

curveasanonlinearitypriorto delaminationgrowth.

Becausethetoughnessresponseof thisDCBfracturetestdoesnot formamaster

curveasthestrengthdatadid,it seemsthatthefracturemodelmaynotbeanappropriate

modelto explainthestrengthresults.TheDCBresultsdoindicatethattheinterlaminar

fractureof thiscompositematerialiscomplex.TheWfmodelisafairly simplefracture

modelwhichassumedsuchthingsasalinearviscoelasticmaterialresponse.TheWfmodel

is alsoaninitiationcriterionandwasappliedtothestrengthdataassumingthatonceacrack

growsfromaninitial flaw,it wouldgrowto failure.Becauseof thesteepRcurvecausedby

thefiberbridging,evenif theWfmodelaccuratelypredictedtheinitiationof damage,it

mightnotpredictfailurebecausethedamagemaygrowstablylongafterinitiation.For

thesereasons,it maybethatamorecomplexfracturemodelwill beableto explainthe

fractureresults,andthenbeusedtorelatetheviscoelasticmatrixresponseto theeffectof

loadingrateonstrength.Anotherpossibilityis thatthe90° strengthresponseisnot

controlledby afracturephenomenon,andthereforeadifferenttypeof modelshouldbe

used.

Analternativefailurecriteriontothefracturemodelis thedilatationalstrainenergy

densitymodel.Asshownin theanalysischapter,theresultsfromassumingthatacritical

dilatationalstrainenergydensitycontrolsfailurewouldbeidentical,for agivengeometry,to

thepredictionsfromthefracturemodelwhichassumedthatfailureiscontrolledby the

initiationof crackgrowth.Thenewmodelmightexplainwhythefracturemodelseemedto

doareasonablejob of modelingthetransversestrength,asseenin Figure26,oncethe

criticalvaluewasallowedtovary,yetdidnotmodeltheDCBfracturetestswell. The

dilatationalstrainenergymodelwouldmakethesamepredictionsseenin Figure26 if the
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criticalvalueof strainenergydensitywereallowedtovarywithtimeandtemperatureasthe

Wfparameterwasin Figure25. Thedilatationalstrainenergymodelwouldnothowever

imply asimilarresponsefromthefracturespecimen.SincetheDCBtoughnessvaluesdid

notformamastercurveasexpectedbasedonthefracturemodel,thestrainenergymodel

seemsanattractivealternative.Thedilatationalstrainenergymodelispresentedhereasan

alternativeexplanationfor theresults,but thecurrentresultscanin nowaybeseenasa

proofthattheenergycriterioniscorrect.

If thefailurecriterionis accurate,themodelstill hastheproblemthattheWfmodel

had,in thatthecriticalvaluewasfoundto changewith timeandtemperature.Forthese

constantramptests,theparameterchangedin awellbehavedmanner,butto applythese

resultsto othertemperature-loadhistorieswouldrequireamorethoroughunderstandingof

thecauseof thischangethancanbedeterminedfromthecurrentstudy.

Althoughit isdisappointingthatboththefracturemodelandthedilatationalstrain

energydensitymodelfailedtoexplaintheobservedstrengthresponsein awaythatcanbe

appliedtotestswithotherload-temperaturehistories,thefactthatamastercurvewascreated

bythestrengthdataindicatesthattemperaturecanbeusedtoacceleratestrengthtests.The

significantdropin strengthwithhighertemperaturesandslowerloadingratesalsoshows

thatit is importantto accountfortimescalewhenusingstrengthin structuraldesigns.

Withoutamodelto explainthemastercurveresults,theacceleratedtestmethodologyisnot

veryuseful.Withthecurrentresults,the90°strengthattemperaturesandloadingratesnot

testedcanbepredicted,but topredictthestrengthafteranarbitraryloadinghistorywouldbe

impossible.Simplyaddingaholdduringtheconstantloadratetestwouldchangethe

strengthresultsin awaythatcouldnotbepredictedusingthecurrentresultswithoutamore

robustmodeltobackuptheexperimentaldata.Changingtemperatureduringatestwould

equallycomplicatetheresultssothatcreatinganacceleratedtestfor suchacasewouldbe

difficult. Becausestrengthtestingis soexpensiveandtimeconsuming,anacceleratedtest

thatdoesnotallowthepredictionof strengthdueto anarbitraryloadingandtemperature
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historyisprobablynotveryuseful.It issimplytooexpensivetotry to testforthedifferent

loadingandtemperaturepermutations.Themostsignificantresultof thisresearchisnotthe

acceleratedtestmethodology,butthehopethatamorerobustmodelmaybepossibleand

theproofthatit is indeedneeded.
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CHAPTER VI

CONCLUDING REMARKS

The use of time-temperature superposition has been shown to apply to the

transverse tensile strength of a thermoplastic composite material using the same shift factors

as measured for compliance. This was demonstrated with transverse tension strength data

for IM7/K3B at four temperatures from 300°F to 450°F and at five different loading rates

that produced failure in the range from 0.5 sec to 24 hours. This accelerated test method

applied well up to 400°F where a master curve could be formed from the experimental data.

The master curve showed that a composite might loose 50% of its strength over 9 decades

of time. Results at 450°F, however, did not fit on the master curve.

To explain why the same shifts rates might apply to both strength and compliance, a

viscoelastic fracture model was investigated based on the hypothesis that transverse strength

is controlled by the work of fracture for crack initiation from a critical flaw. The viscoelastic

J integral theory and the elastic-viscoelastic correspondence principle were used to obtain an

expression for the energy at the crack tip in terms of the viscoelastic compliance. It was

hoped that the critical crack tip energy level for fracture would remain constant with time

and temperature. The time-dependent nature of strength would therefore be controlled by

the time-dependent compliance properties used as input to the model. The model was found

to fit the strength data only if the critical energy parameter was allowed to vary as an

exponential with loading rate.

To validate the fracture model, fracture tests using double cantilever beam specimens

were conducted from 300°F to 400°F over the same time scales as for the strength tests.

The delamination fracture toughness determined in these tests showed a significant change

with loading rate, but less of a variation with temperature, and did not form a master curve.

At the lower temperatures, the toughness decreased by 60% over the five decades of time

tested. The material was found to have a large R-curve effect where the toughness increased
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withcrackgrowth.Thisphenomenoncomplicatedthedatareductionofthetestsandwas

assumedtobedueto fiberbridging,andtherefore,onlyanartifactof theuniaxialtest

specimen.Thefractureresultscouldnotbemodeledwiththefracturemodel,makingthe

model'sapplicationtothetransversetensilestrengthtestresultsquestionable.

Analternativeexplanationforthestrengthresultswasofferedbyadilatationalstrain

energydensityfailurecriterion.Theuseof amicromechanicsmodelandaviscoelastic

correspondenceprincipleproducedpredictionsoftransversestrengththatvariedwith time

andtemperaturebythesameamountsaspredictedbythefracturemodel.Thismodel

howeverisastrengthbasedmodelinsteadof afracturemodelsoit wouldnotbeexpectedto

applytothedelaminationfracturetoughnessresults.Withthismodel,thecriticalparameter

still variedexponentiallywithloadingrate.Becausethecriticalparameterchangeswith

loadingrate,howit wouldchangewithothertimeandtemperaturehistoriesisuncertain.

Thisseverelylimitstheuseofbothmodelsin thedevelopmentof acceleratedtest

methodologies.

Thesignificanceof thisresearchis thereforeseenasprovidingthehopethatamore

versatileaccelerationmethodfor strengthcanbedevelopedwhilealsoprovidingtheproof

thatsuchatestisneeded.Thepromiseof anacceleratedtestmethodcomesfromthe

strengthdataformingamastercurve.Theneedfor anacceleratedtestisdemonstratedby

thesignificantdecreaseinboththestrengthdataandthetoughnessdataoverthefive

decadesoftimetested.
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Table1.

Specimen Width Thick. Temp.
No.

in. in. °F

34-05 1.500 0.0438 300

32-15 1.500 0.0441 300

32-11 1.500 0.0437 300

36-03 1.500 0.0442 300

32-14 1.500 0.0445 300

32-17 1.500 0.0432 300

32-22 1.500 0.0434 300

32-12 1.500 0.0442 300

32-04 1.500 0.0437 300

33-13 1.500 0.0436 300

36-25 1.500 0.0441 300

33-23 1.500 0.0444 300

34-17 1.500 0.0441 300

35-10 1.500 0.0433 300

32-30 1.500 0.0434 300

35-05 1.500 0.0429 350

35-05 1.500 0.0432 350

34-09 1.515 0.0440 350

36-26 1.500 0.0448 350

34-14 1.500 0.0434 350

32-23 1.510 0.0430 350

33-07 1.500 0.0437 350

35-09 1.500 0.0444 350

32-18 1.509 0.0435 350

34-28 1.507 0.0438 350

32-28 1.510 0.0442 350

32-06 1.500 0.0431 350

35-26 1.500 0.0435 350

35-12 1.505 0.0442 350

34-15 1.500 0.0441 350

33-19 1.500 0.0446 400

32-03 1.500 0.0438 400

32-05 1.505 0.0430 400

34-30 1.508 0.0436 400

35-19 1.500 0.0438 400

blank 1.500 0.0444 400

36-24 1.500 0.0435 400

33-12 1.513 0.0437 400

34-23 1.500 0.0435 400

36-13 1.500 0.0445 400

APPENDIX

Transverse Tension Strength Data.

Rate Shifted

Rate

lb/sec lb/sec

0.0025 2.5E-03

0.0025 2.5E-03

0.0025 2.5E-03

0.05 5.0E-02

0.05 5.0E-02

0.05 5.0E-02

1 1.0E+00

1 1.0E+00

1 1.0E+00

25 2.5E+01

25 2.5E+01

25 2.5E+01

500 5.0E+02

500 5.0E+02

500 5.0E+02

0.0025 9.6E-06

0.0025 9.6E-06

0.0025 9.6E-06

0.05 1.9E-04

0.05 1.9E-04

0.05 1.9E-04

1 3.9E-03

1 3.9E-03

1 3.9E-03

25 9.6E-02

25 9.6E-02

25 9.6E-02

500 1.9E+00

500 1.9E+00

500 1.9E+00

0.0025 7.1E-08

0.0025 7.1E-08

0.0025 7.1E-08

0.05 1.4E-06

0.05 1.4E-06

0.05 1.4E-06

1 2.8E-05

1 2.8E-05

1 2.8E-05

25 7.1E-04

P ..... S_ength

lb. psi

226 3440

267 4036

270 4119

273 4118

293 4390

313 4830

319 4900

332 5008

350 5339

329 5031

345 5215

355 5330

383 5790

394 6066

401 6160

192 2984

197 3040

198 2975

229 3408

229 3518

244 3753

252 3844

269 4039

292 4448

294 4454

322 4825

326 5043

317 4858

324 4871

327 4943

174 2601

176 2679

182 2812

186 2835

193 2938

240 3604

202 3096

220 3320

224 3433

235 3521

Comments

failure at tab

failure at tab

poor aligtmaent

failure at tab

failure near tab

failure at tab

failure at tab

failure at grip

failure at tab

failure at tab

failure at tab

poor aligtmaent

failure at grip

failure at grip

failure at tab

failure at tab

failure at tab

failure near tab
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Table 1. Continued.

Specimen Width Thick. Temp.
No.

in. in. °F

35-07 1.508 0.044 400

32-29 1.500 0.044 400

35-14 1.500 0.0442 400

36-28 1.500 0.0444 400

35-08 1.507 0.0433 400

33-16 1.500 0.0432 450

33-10 1.500 0.0432 450

33-20 1.500 0.0443 450

34-20 1.500 0.0445 450

36-20 1.500 0.0441 450

32-21 1.500 0.0431 450

34-12 1.500 0.0435 450

34-26 1.500 0.0438 450

34-08 1.500 0.0435 450

35-29 1.500 0.0441 450

36-10 1.500 0.0437 450

34-03 1.500 0.0435 450

35-25 1.500 0.0439 450

33-02 1.500 0.0437 450

33-18 1.500 0.0436 450

data filtered out due to low strength values

32-24 1.500 0.0433 300

32-16 1.500 0.0437 300

33-21 1.500 0.0435 300

35-22 1.500 0.0434 300

35-02 1.500 0.0432 300

36-16 1.500 0.0444 300

36-11 1.500 0.0445 300

35-01 1.500 0.0432 300

35-27 1.500 0.043 300

35-23 1.500 0.0444 300

36-09 1.500 0.0442 300

32-01 1.500 0.0432 300

36-18 1.500 0.0441 300

35-20 1.496 0.044 350

35-24 1.500 0.0426 350

33-29 1.514 0.0438 350

35-16 1.500 0.0439 350

33-10 1.516 0.0438 350

33-15 1.505 0.0437 350

33-14 1.512 0.0433 350

Rate Shifted

Rate

lb/sec lb/sec

25 7.1E-04

25 7.1E-04

500 1.4E-02

500 1.4E-02

500 1.4E-02

0.0025 8.9E-10

0.0025 8.9E-10

0.0025 8.9E-10

0.05 1.8E-08

0.05 1.8E-08

0.05 1.8E-08

1 3.6E-07

1 3.6E-07

1 3.6E-07

25 8.9E-06

25 8.9E-06

25 8.9E-06

500 1.8E-04

500 1.8E-04

500 1.8E-04

0.0025 2.50E-03

0.0025 2.50E-03

0.0025 2.50E-03

0.05 5.00E-02

0.05 5.00E-02

0.05 5.00E-02

0.05 5.00E-02

1 1.00E+00

1 1.00E+00

1 1.00E+00

25 2.50E+01

25 2.50E+01

25 2.50E+01

0.00025 9.60E-07

0.00025 9.60E-07

0.0025 9.60E-06

0.0025 9.60E-06

0.0025 9.60E-06

0.05 1.90E-04

0.05 1.90E-04

Pnlax

lb

258

281

255

269

294

56

61

65

87

91

91

117

121

129

179

179

181

240

243

262

217

172

165

250

224

206

187

234

234

225

310

267

263

142

104

159

132

110

148

144

S_ength

psi

3888

4258

3846

4039

4506

864

941

978

1303

1376

1408

1793

1842

1977

2706

2731

2774

3645

3707

4006

3341

2624

2529

3840

3457

3093

2801

3611

3628

3378

4676

4120

3976

2150

1628

2402

2005

1657

2250

2199

Conlments

failure near tab

failure at grip

failure at grip

failure at grip

failure at tab

failure at tab

failure at tab

failure near tab

failure at tab

poor alignment

failure at grip

failure at grip

failure at grip

failure at grip

failure at grip

failure at grip

failure at grip
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SpecimenWidth Thick. Temp.
No.

m. m. °F
34-24 1.500 0.0434 350
36-05 1.500 0.0444 350
35-28 1.500 0.0434 350
34-27 1.500 0.0442 350
33-28 1.500 0.0441 350
32-08 1.500 0.0432 400
33-09 1.500 0.043 400
34-16 1.500 0.0443 400
36-19 1.500 0.0449 400
35-03 1.500 0.0437 400
34-13 1.513 0.0438 400
35-17 1.500 0.0439 400
33-01 1.500 0.0438 400
33-26 1.500 0.0438 400
36-15 1.500 0.0438 400

Table1.Concluded.

Rate Shined
Rate

N/sec N/sec
1 3.90E-03

25 9.60E-02
25 9.60E-02
500 1.90E+00
500 1.90E+00

0.0025 7.10E-08
0.05 1.40E-06
0.05 1.40E-06

1 2.80E-05
10 2.80E-04
25 7.10E-04
25 7.10E-04
25 7.10E-04
500 1.40E-02
500 1.40E-02

P..... S_engthComments

lb psi
201 3088 failureattab
237 3559 failureattab
222 3410
294 4434
270 4082
151 2336 failure_ grip
186 2884 failure_ grip
137 2068
198 2940
234 3570
234 3531 pooralignment
223 3386 failureattab
94 1431 damagededges
246 3744
225 3425

95



Table 2. DCB Test Data.

Specimen Width Thick. Temp Load Shifted Slope PNL PMAX Gic (NL) Wf(NL)
No. Rate Rate m

m. m. °F lb/sec lb/sec lb/in lb. lb. in-lb/in 2 in-lb/in 2

3-40 1.003 0.1341 300 0.0003 3.00E-04 157 15.9 25.9

1-25 1.003 1.3380 300 0.0003 3.00E-04 160 16.4 27.2

2-41 1.004 0.1317 300 0.0003 3.00E-04 172 17.9 27.4

3-43 1.002 0.1346 300 0.0003 3.00E-04 157 17.8 26.6

2-34 1.006 0.1265 300 0.0003 3.00E-04 131 17.5 26.9

3-27 1.003 0.1343 300 0.006 6.00E-03 175 18.3 27.3

2-26 1.006 0.1354 300 0.006 6.00E-03 159 19.9 28.8

1-37 1.004 0.1344 300 0.006 6.00E-03 163 20.4 27.0

3-44 1.002 0.1272 300 0.006 6.00E-03 143 19.9 28.6

2-21 1.004 0.1330 300 0.006 6.00E-03 153 25.0 29.9

3-31 1.002 0.1337 300 0.12 1.20E-01 161 17.4 29.3

1-29 1.004 0.1333 300 0.12 1.20E-01 170 20.0 30.1

1-40 1.003 0.1326 300 0.12 1.20E-01 166 22.9 30.0

3-20 1.004 0.1353 300 0.12 1.20E-01 159 22.6 30.6

2-14 1.006 0.1332 300 0.12 1.20E-01 167 23.8 30.6

3-30 1.003 0.1343 300 3

2-4 1.007 0.1354 300 3

1-38 1.004 0.1335 300 3

2-10 1.006 0.1343 300 3

2-8 1.006 0.1346 300 3

3.00E+00 160 25.4 32.1

3.00E+00 172 26.7 33.6

3.00E+00 159 26.0 33.0

3.00E+00 155 26.6 34.2

3.00E+00 177 28.9 32.8

2-1 1.007 0.1260 300 52.9 5.29E+01 133 27.9 34.0

3-11 1.003 0.1280 300 58.8 5.88E+01 147 30.8 34.4

2-16 1.007 0.1344 300 60.0 6.00E+01 156 29.6 31.5

2-7 1.007 0.1340 300 64.5 6.45E+01 161 29.5 32.7

2-43 1.005 0.1338 300 65.8 6.58E+01 163 32.8 35.7

1-20 1.001 0.1350 350 0.0003 1.16E-06 174 17.5 27.6

2-6 1.007 0.1339 350 0.0003 1.16E-06 145 17.6 26.7

2-13 1.007 0.1320 350 0.0003 1.16E-06 134 17.3 25.2

1-42 1.004 0.1343 350 0.0003 1.16E-06 172 19.8 28.5

1-41 1.004 0.1236 350 0.0003 1.16E-06 172 21.2 27.9

1-32 1.004 0.1345 350 0.006 2.31E-05 183 18.9 27.0

2-36 1.005 0.1346 350 0.006 2.31E-05 162 18.0 28.7

3-22 1.002 0.1280 350 0.006 2.31E-05 140 17.3 26.9

3-35 1.003 0.1327 350 0.006 2.31E-05 218 21.0 32.1

1-34 1.003 0.1318 350 0.006 2.31E-05 131 18.3 26.8

1-26 1.003 0.1346 350 0.12 4.62E-04 162 19.0 31.5

3-38 1.003 0.1334 350 0.12 4.62E-04 164 19.8 28.5

3-37 1.004 0.1333 350 0.12 4.62E-04 227 22.6 30.9

1-9 1.005 0.1346 350 0.12 4.62E-04 205 23.0 33.2

1-15 1.000 0.1346 350 0.12 4.62E-04 161 22.1 30.2

1.56 1.58

1.62 1.66

1.87 1.92

2.01 2.06

2.31 2.37

1.91 1.93

2.41 2.43

2.56 2.59

2.77 2.80

4.05 4.10

1.83 1.85

2.37 2.38

3.15 3.17

3.16 3.18

3.40 3.42

3.93 3.94

4.12 4.13

4.15 4.16

4.39 4.40

4.70 4.75

5.68 5.74

6.45 6.45

5.47 5.47

5.36 5.36

6.70 6.71

1.79 1.97

2.13 2.35

2.16 2.38

2.36 2.62

2.62 2.91

1.95 1.97

2.01 2.09

2.13 2.22

2.29 2.39

2.55 2.58

2.21 2.25

2.40 2.44

2.53 2.58

2.76 2.81

3.06 3.11
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Table 2. Concluded.

Specmlen Width "lNcknes Temp Load Shifted
No. s Rate Rate

m. in. °F lb/sec lb/sec

1-6 1.003 0.1341 350 3 1.16E-02

3-21 1.002 0.1340 350 3 1.16E-02

3-36 1.003 0.1331 350 3 1.16E-02

1-31 1.003 0.1351 350 3 1.16E-02

2-44 1.006 0.1265 350 3 1.16E-02

1-23 1.003 0.1235 350 50.0 1.93E-01

3-33 1.002 0.1282 350 57.9 2.23E-01

2-9 1.007 0.1337 350 60.6 2.33E-01

1-3 1.004 0.1345 350 62.9 2A2E-01

2-39 1.006 0.1336 350 64.6 2.49E-01

1-2 1.003 0.1349 400 0.0003 8.50E-09

1-4 1.004 0.1343 400 0.0003 8.50E-09

1-13 1.004 0.1345 400 0.0003 8.50E-09

1-35 1.003 0.1318 400 0.0003 8.50E-09

2-4 1.004 0.1340 400 0.0003 8.50E-09

2-40 1.005 0.1337 400 0.006 1.70E-07

2-11 1.007 0.1280 400 0.006 1.70E-07

2-18 1.007 0.1336 400 0.006 1.70E-07

1-33 1.005 0.1397 400 0.006 1.70E-07

2-22 1.005 0.1268 400 0.006 1.70E-07

2-29 1.005 0.1337 400 0.12 3AOE-06

1-17 1.003 0.1344 400 0.12 3.40E-06

2-42 1.005 (I.1335 40(I 0.12 3AOE-06

1-22 1.002 0.1259 400 0.12 3.40E-06

3-12 1.002 0.1288 400 0.12 3.40E-06
..........................................................................................................................................................

3-5 1.007 0.1340 400 3 8.50E-05

1-39 1.004 0.1333 400 3 8.50E-05

1-30 1.004 0.1342 400 3 8.50E-05

1-1 1.003 0.1345 400 3 8.50E-05

2-23 1.006 0.1256 400 3 8.50E-05

3-24 1.004 0.1316 400 59.6 1.69E-03

1-28 1.004 0.1336 400 60.8 1.72E-03

2-37 1.006 0.1345 400 61.3 1.74E-03

2-17 1.007 0.1338 400 61.7 1.75E-03

2-38 1.006 0.1339 400 63.9 1.81E-03

Slope PNL PMXX
rn

lb/m It). lb.

165 22.7 3(I.0

206 24.8 32.7

_,_164 23.2 . L.7

162 26.1 32.4

146 25.5 31.6

125 27.0 3(I.8

145 29.5 32.3

151 31.4 33.9

154 28.5 3(I.9

161 29.5 32.5

150 LI._ 23.3

153 21.7 23.6

155 22.4 27.1

151 L2._ 25.7

156 24.(I 24.9

176 19.6 25.9

137 19.5 27.4

156 20.7 27.6

142 20.8 27.4

147 21.1 28.7
..............................................................

155 20.4 30.1

161 22.3 30.5

162 23.6 32.0

146 22.8 32.0

141 23.6 .L.8
..............................................................

162 21.4 32.6

170 23.3 36.7

158 22.7 3(I.0

172 24.2 34.2

139 22.3 33.4

150 26.9 34.9

157 24.3 34.8

157 L4._ 32.0

155 24.6 30.5

161 27.7 34.7

G_ (NL) Wf(NL)

m-lb/m 2 in-lb/in 2

3.08 3.12

3.21 3.23

3.26 3.28

4.16 4.19

4.43 4.46

5.75 5.77

5.96 5.98

6.47 6.49

5.12 5.17

5.38 5.44

3.01 3.05

3.O7 4.61

3.23 c ._7

3.37 5.08

3.62 5.50

2.14 2.51

2.69 3.16

2.75 3.23

2.95 2.99

3.O3 3.56
...........................................................

2.68 2.86

3.00 3.21

3.43 3.67

3.57 3.83

9 _ 4.20
...........................................................

2.76 2.83

3.18 3.27

3.18 3.22

3.46 3.56

3.58 3.68

4.71 4.76

3.71 3.75

3.78 3.82

3.82 3.86

4.78 4.83
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